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ABSTRACT 
 
In order to prevent ankle sprain, prophylactic ankle bracing is common practice for 
many sports. The purpose of this dissertation was to investigate changes in loading and 
neuromuscular activation at the knee and at the hip when the ankle is braced.  Additionally, 
fatigue is a known risk factor for both ankle sprain and anterior cruciate ligament (ACL) tear 
at the knee. The first two studies examined whether or not there was an interaction between 
the ankle brace and fatigue.  Unwanted adaptation to long term bracing is also a concern. 
Thus, the third study addressed the question, does long term prophylactic ankle bracing 
change loading at the knee and hip? Furthermore, jump direction was specifically explored as 
a factor affecting loading of the hip and knee. Eight video cameras tracked jumping 
movements, two force platforms measured ground reaction forces, and a wireless 
electromyography (EMG) system detected muscle electrical activity.  Knee and hip joint 
moments, loading rates, and joint moment impulses were used as kinetic dependent variables. 
EMG was used to quantify muscle activation as a percentage of maximum voluntary 
contraction for the vastus lateralis, biceps femoris, and gluteus maximus.  
Synthesizing the results of the three studies, the most significant findings were the 
differences in jump direction. They present a consistent picture of what would appear to be a 
more forceful jump in the forward direction and a more tentative jump in the backward 
direction.  Fatigue did not interact with the braces, nor did it significantly affect the kinetics 
of the landings. However, it did have an effect on the activation of gluteal muscles, which 
may indicate a need to train those muscles in order to prevent injury.  Results of the first and 
third studies do not indicate increased loading at the knee as an immediate effect of the ankle 
brace.  Increased hip extension moment and hip extension moment impulse for the habitual 
bracers in the third study may indicate a proximal shift of shock absorption may be due to 
long-term bracing, or due to increased athleticism of the habitual brace group, which 
consisted of an NCAA division one volleyball team. 
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CHAPTER 1:  GENERAL INTRODUCTION AND LITERATURE REVIEW 
 
Watch almost any sporting event that involves jumping, and you will see at least one 
athlete with his or her ankle braced or taped. Ankle sprain is the most common injury in 
sports (Gross and Liu, 2003; Safran et al., 1999a; Safran et al., 1999b; Garrick, 1977).  In 
some sports, athletes are required to wear ankle braces for all practices and games, regardless 
of whether or not they have had an ankle sprain, in order to prevent future ankle sprain. The 
question of whether or not prophylactic ankle bracing is effective at actually preventing 
sprains is still a topic of debate. Olmstead et al. (2004) performed a numbers -needed –to-
treat analysis and reported that prophylactic ankle bracing prevented secondary ankle sprain 
almost twice as effectively as primary sprain.    
In the case of injury requiring long term immobilization of a body segment, clinicians 
see atrophy of the supporting musculature and often decreased range of motion in the joint.  
Much of this can be attributed to disuse, and sometimes to the injury itself.  To minimize 
disuse atrophy, bracing and immobilization are usually minimized in treatment.  What is the 
impact of braces that restrict motion, in order to prevent injury, on healthy tissue? Previous 
research has attempted to answer several aspects of this question. Studies have examined 
change in sports performance (Burks et al., 1991), as well as change in strength and change 
in neurological activity of the ankle musculature when the ankle is braced (Shima et al., 
2005; Kernozek et al., 2008).  What has not yet been clarified is the effect of short and long 
term bracing at the ankle on muscle firing patterns, loading patterns and kinematics at the 
knee and the hip.  What follows is a discussion of the extant literature as well as the 
important gaps that warrant further exploration. 
This dissertation attempts to answer the following general research question: Does 
restricting motion at the ankle increase biomechanical risk factors for injury, particularly 
ligamentous injury, at the knee?  More specifically:  1.) Does ankle bracing change EMG 
activation in the proximal musculature of the lower extremity during jump landing tasks?  2.) 
Does ankle bracing change loading at the knee or hip during jump landing tasks?  3.) Does 
fatigue change loading at the knee or hip during jump landing tasks?  4.) Do fatigue and 
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bracing interact and cause a different effect on loading at the knee or hip when combined?  
5.) Does long term “habitual” brace wear change loading characteristics during landing?   
 
General Hypotheses 
Based on the review of literature, it was hypothesized that when the ankle was braced, 
higher varus loading would be observed at the knee.  Additionally, fatigue would reduce 
vastus lateralis EMG. Lastly, it was expected that players who have worn ankle braces 
consistently for at least one year of participation in volleyball would demonstrate increased 
knee and hip extension moments relative to those who had not worn braces.  
 
Dissertation Organization 
 This dissertation is written in a format centered around three journal articles. There 
are five chapters. Chapter 1 consists of the general introduction and literature review. 
Chapter 2 is the first journal article which investigated the changes in loading at the knee and 
hip when the ankle was braced and when the individual was fatigued. The third chapter 
contains the second manuscript which investigated the changes in electromyographical 
(EMG) signals as a function of fatigue and ankle bracing.  The fourth chapter consists of the 
third manuscript which explored differences between athletes who have been wearing ankle 
braces for all games and practices for multiple seasons (habitual bracers) and similarly 
skilled athletes who do not wear ankle braces (non-bracers). The fifth chapter discusses 
conclusions that can be drawn from the three studies when considered together and indicates 
future directions for this line of research.  
 
Literature Review 
Ankle sprain is the most common injury in sports (Garrick, 1977; Safran et al., 1999a; 
Safran et al., 1999b; Gross and Liu, 2003). Ankle sprains account for 25% of all time lost due 
to injury in football, basketball, and cross-country (Safran et al., 1999a; Safran et al., 1999b). 
Sprains constitute 79% of the injuries in basketball and 87% of the injuries in volleyball 
(Shaw et al., 2008; Magee 2002). An ankle sprain can be defined as partial or complete 
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tearing of the ligaments supporting the ankle joint, and are graded based on their severity 
(Whiting and Zernicke, 2008a; Magee, 2002). 
Ankle braces are often required by coaches of sports such as volleyball and basketball 
in order to prevent ankle sprains (Miller and Hergenroeder, 1990).  There are two main 
explanations for how the braces might do this.  The first is mechanical support and the 
second is increased proprioceptive feedback.   Before exploring these explanations, a brief 
review the anatomy of the ankle joint will be presented.  
The ankle joint is made up of two joints. The medial and lateral malleoli and the talus, 
make up the talocrural joint. It is sometimes referred to as the “ankle mortis.”  The talus also 
has a joint with the calcaneus called the subtalar joint. Most of the motion in the sagittal 
plane takes place at the talocrural joint. The motion in the frontal plane largely takes place at 
the subtalar joint.  When the foot is dorsiflexed there is very little inversion or eversion 
available and the ankle is very stable.   When the ankle is plantar flexed, more inversion and 
eversion are possible and the joint is much less stable.  After the bony configuration, the 
ligaments are the next item to contribute to the stability of the ankle (Franci et al., 2009; 
Safran et al., 1999a).  The lateral collateral ligament complex is made up of the anterior 
talofibular ligament (ATFL), the calcaneofibular ligament (CFL) and the posterior talofibular 
ligament (PTFL).  All but the posterior talofibular ligament can be seen in Figure 1, below. 
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Figure 1: The bones and ligaments of the ankle joint 
 
The ATFL is the most prone to injury due to its position. The order of failure is most 
commonly ATFL first, then the CFL and finally the PTFL (Whiting and Zernicke, 2008b; 
Safran et al., 1999a).   The ATFL has the lowest load to failure. It is taut in plantarflexion 
and is the primary stabilizer to ankle inversion and plantarflexion.  The second most 
vulnerable ligament is the CFL, which aids in talofibular stability, and then the PTFL. The 
PTFL is the strongest ligament of the complex, and is taut only in severe dorsiflexion 
(Whiting and Zernicke, 2008b; Safran et al., 1999a).  There is a similar ligament complex on 
the medial side.  However, 85 % of grade III sprains are to the lateral complex (Garrick, 
1977; Safran et al., 1999a). 
Returning to how the braces might prevent ankle sprain, mechanical support is one 
explanation. The purpose of the brace is to prevent motion at the subtalar joint, in the frontal 
plane.  Plantar and dorsiflexion at the talocrural joint are not intended to be restricted.  Zinder 
et al. (2009) used Rack et al.’s (1969) definition of stiffness as “the ratio of force response 
that results from and resists mechanical stretch.”  They found that the increased stiffness in 
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the braced condition appeared to be due to the physical restriction of the brace rather than 
changes in muscle activation.  You et al. (2002) also measured stiffness and found that 
circumferential ankle pressure only changed the stiffness for the group of subjects that had 
been classified as having low proprioceptive ability. 
The second explanation of how the braces might prevent ankle sprain is increased 
proprioceptive feedback.  It is hypothesized that the ankle braces provide increased stimulus 
to the mechanoreceptors of the skin. This increased proprioception may facilitate other 
proprioceptors such as the muscle spindles, heightening their response to quick stretch, and 
thus allowing the muscles to react more quickly to perturbations and prevent ankle sprain 
(Zinder et al., 2009). The peroneus longus muscle has been called the primary dynamic 
defense against inversion ankle sprains (Gribble et al., 2006; Shaw et al., 2008). It also is one 
of the most commonly strained muscles during an inversion ankle sprain.  Investigators have 
attempted to use electromyographic (EMG) data from this muscle to test the validity of this 
hypothesis.  Shima et al. (2005) and Kernozek et al. (2008) measured the time between 
sudden inversion of the ankle and onset of peroneus longus activity. They refer to this 
outcome measure as peroneus longus latency. Kernozek et al. (2008) found no difference 
between the braced and unbraced conditions. Shima et al. (2005) found that the peroneus 
longus latency was actually longer when the ankle was taped or braced than in the control 
condition. Looking at muscle activation rather than latency, Gribble et al. (2006) found that 
there was no difference between peak or mean EMG values for the peroneus longus 
immediately after applying the ankle brace. In addition, they did not see a difference at later 
time points after two weeks of wearing the ankle braces eight hours a day or a two week 
wash out period. Zinder et al. (2009) found no differences in preactivation levels (250 ms 
prior to perturbation) of the peroneus longus, peroneus brevis, tibialis anterior or soleus in the 
braced versus unbraced conditions. When combined, these results seem to indicate that the 
braces have either a slight inhibitory effect or no effect at all on the neuromuscular response 
of the lower leg.   
 With long term intervention such as prophylactic ankle bracing, there is concern 
about detrimental adaptations of the neuromuscular system, such as muscle atrophy and 
slowed neurological response (O'Sullivan and Schmitz, 2007; Bruckner and Kahn, 2001; 
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Saunders et al., 2004).  Cordova and Ingersoll (2003) studied the amplitude of the peroneus 
longus reflex after quick inversion stretch to assess force produced by the muscle. They 
proposed that an increase in the peroneus longus reflex amplitude indicated improved 
excitation of the muscle and perhaps increased force.  The study included both the immediate 
and longer term (eight week intervention) effects of bracing. The results suggest that at initial 
application, the lace-up brace  increased the amplitude of the peroneus longus reflex 
(Cordova and Ingersoll, 2003). Additionally, the peroneus longus response was increased in 
the semi-rigid brace condition after eight weeks. In contrast Midgely et al. (2007) saw no 
difference in ankle muscle activation after an entire volleyball season of bracing.  While 
these two studies used EMG to assess changes in muscle activation patterns, DiStefano et al. 
(2008) also did an eight week intervention and found no change in vertical ground reaction 
forces. These findings indicate that the braces do not significantly change loading or 
neuromuscular activity over the time periods studied. However, it is unknown what effect the 
braces might have over a period of years of intense play and practice.  
Two of the greatest risk factors for ankle sprain are previous ankle sprain (Gross and 
Liu, 2003) and fatigue (Yaggie and McGregor, 2002).  Primary ankle sprain can be defined 
as the first time a person experiences an ankle sprain.  Pedowitz et al. (2008) performed a 
prospective study looking at medical records of 43 NCAA athletes from 1998 to 2005. Their 
findings indicate that use of a semi-rigid ankle brace reduced the incidence of ankle injury. 
The one person who experienced an injury over the duration of that study was a player who 
had had multiple previous ankle sprains. Stasinopoulos (2004) compared ankle bracing to 
sport specific technical training and proprioceptive training and found that technical training 
was slightly more effective than the other two methods (Stasinopoulos, 2004). Additionally, 
ankle braces were found to be ineffective after three sprains.   
There are multiple etiologies of recurrent ankle sprain. The first is that the healing or 
healed ligaments from the first ankle sprain are lengthened, resulting in increased laxity at 
the joint. A second is weakness of healing or healed ligaments due to changed structure. As 
the ligaments heal, scar tissue is interposed. As a result, the ligaments have only 60% of their 
preinjury tensile strength (Whiting and Zernike, 2008; Safran et al., 1999a). Thirdly, residual 
weakness of the peroneal muscles due to incomplete rehabilitation, could contribute to 
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recurrent sprain. The peroneus longus can be strained during a severe ankle sprain, and it, 
along with peroneus brevis provide the primary active muscle restraint against lateral ankle 
sprain (Cordova and Ingersoll, 2003; Shaw et al., 2008).  
Recurrent ankle sprain can be thought of as both a symptom and a cause of chronic 
ankle instability.  Chronic ankle instability can be defined as the frequent feeling of giving 
way at the ankle after multiple ankle sprains (You et al., 2004).  Additional causes of 
instability include distal tibiofibular instability, hereditary hypermobility, loss of 
proprioception, impingement of the distal fascicle of the ATFL, and impingement of capsular 
scar tissue (Safran et al., 1999a). Frigg et al. (2007) also found that the size of the talus 
relative to the ankle mortise of the tibia and fibula may also play a role in ankle instability.  If 
the talus is large and thus relatively less covered by the ankle mortise, the subject was more 
prone to chronic ankle instability (Frigg et al., 2007).  Olmsted et al. (2004) did a cost-benefit 
analysis of prophylactic ankle bracing and taping. Their findings indicated that bracing is 
more cost effective than taping. Furthermore, in terms of numbers-needed-to-treat, they 
found that bracing more effectively prevents secondary ankle sprain rather than primary 
ankle sprain. 
Fatigue has also been studied as a risk factor for injury at the ankle (Vuillerme and 
Boisgontier, 2008b; Brown and Bowyer, 2002; Gribble and Hertel, 2004a; Gribble and 
Hertel, 2004b; Shaw et al., 2008; Wikstrom et al., 2004; Yaggie and McGregor, 2002) and at 
the knee (Thomas et al., 2010; Sanna and O'Connor, 2008).  One hypothesis is that there is a 
decreased ability to respond quickly to proprioceptive feedback when one is fatigued. Shaw 
et al. (2008) measured time to stabilization after a jump landing task onto a single leg pre-
fatigue and when fatigued. Time to stabilization is a dynamic balance measure utilizing 
anterior /posterior and medial /lateral components of the ground reaction force captured on a 
force platform. The first 20ms after jump landing are analyzed to see how quickly the above 
components return to a level that resembles quiet single leg stance (Ross and Guskiewicz, 
2003). Wikstrom et al. (2004) found no significant differences in time to stabilization, ground 
reaction forces (GRFs), or joint kinematics when comparing pre-fatigue to isokinetic and 
functional fatigue protocols.  Vuillerme and Boisgontier (2008) looked specifically at the 
ankle plantar flexor muscles and found that participants were less accurate and less consistent 
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at force matching when the muscles were fatigued.  Gribble and Hertel (2004a) used center 
of pressure excursion velocity as a measure of stability.  They found that fatigue of the hip 
muscles led to impaired postural control in the anterior/posterior as well as medial/lateral 
directions. Fatigue of the ankle musculature did not significantly impair postural control. 
Fatigue of the hip abductors and adductors caused significantly greater postural control 
impairments in the frontal plane.  Of note, the authors saw more reliance on hip strategy 
rather than ankle strategy in the young healthy subjects. Hip strategy is when body sway 
resembles a double inverted pendulum and ankle strategy is when it resembles a simple 
inverted pendulum (Nashner and McCollum, 1985). Yaggie and McGregor (2002) also 
studied changes in postural measures after isokinetic fatigue.  Total postural sway was 
substantially increased at all time points after fatigue. In particular, medial/lateral sway was 
increased at the first time point after fatigue.  They concluded that isolated fatigue of ankle 
plantar flexion and dorsiflexion muscles increases postural sway in healthy adults. 
Furthermore, these changes resolve after approximately 20 minutes. This evidence indicates 
that there are notable changes in postural control strategies when participants are fatigued.  In 
a sport situation this may mean that at the end of the game the athletes are less able to detect 
and/or correct a movement that puts their ankle at risk for sprain.    
Shaw et al. (2008) determined if bracing could be helpful in a fatigued situation. They 
compared three support conditions: no brace, Swede-O Universal lace-up brace, and an 
Active Ankle semi-rigid brace. They found that the Swede-O lacer had the shortest time to 
stabilization in the fatigued condition.  In the pre-testing, the no brace and the Swede-O lacer 
had similar times to stabilization. These results indicate that a lace-up ankle support may be 
useful when athletes are fatigued to help them maintain the ankle in a safer position. 
 While the above findings suggest that the braces do not appear to change muscle 
activation or loading greatly, these studies were largely concerned with the lower leg. When 
motion is restricted at the ankle, this changes the motion of the foot and the tibia. If motion of 
the tibia changes the knee joint will be affected. Motion at the ankle in the frontal plane 
happens primarily at the subtalar joint between the talus and the calcaneus.  When the foot 
pronates, a combination of calcaneal eversion and dorsiflexion, the tibia internally rotates.  
The tibia externally rotates as the calcaneus inverts and plantarflexes. Lafortune et al. (1994) 
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used bone pins to track tibial and femoral motion with walking in three shoe conditions, 
neutral, varus and valgus wedged.  They found that despite extreme wedging of the shoes, 
there was minimal change in the motion at the knee joint. They found a pattern of tibial shift 
where the entire tibia shifted to its most medial position at peak knee flexion during walking 
and moved to its most lateral position at peak knee extension.  However, the valgus wedged 
shoe caused the tibia to move two millimeters more medially at peak knee flexion, where the 
varus wedged shoe caused the tibia to move two millimeters more laterally at peak knee 
extension. The internal and external rotation showed trends towards less internal rotation 
with the varus wedged shoe and more internal rotation with the valgus wedged shoe.  The 
medial shift of the tibial plateau relative to the femoral condyles may put more load on the 
anterior cruciate ligament (ACL) and the lateral collateral ligament (Lafortune et al., 1994).  
Nigg et al. (2003) found that regardless of shoe insert condition (full medial, half medial, 
neutral, half lateral, and full lateral), knee abduction moments and knee extension moments 
did not change significantly. The only significant difference was the knee external rotation 
moment was 27.6% higher for the full medial insert condition (Nigg et al., 2003).  Maclean et 
al. (2006) also found increased knee flexion and extension moments in the custom foot 
orthotic condition compared to the shod condition.  Much of the data with shoe insert 
orthotics was done with walking and running. Kirby et al. (2000) explain that much of the 
impact when the foot first touches the ground is absorbed by allowing the foot to go from a 
supinated to a more pronated position.  The reason for the increased loading rates observed in 
the foot orthotic and ankle braced conditions may be due to a lack of shock absorption caused 
by a lack of pronation at the subtalar joint (Kirby, 2000).  
Further investigation of how ankle bracing changes loading at the knee appears 
warranted for several reasons. First, as described above, assessing the joints proximal to an 
ankle bracing intervention is logical from a kinetic chain point of view. Second, fatigue is a 
common risk factor for many sports injuries, including not just ankle sprain, but sprains (i.e. 
ligament damage) and other injuries at the knee as well.  Last, taking a broader perspective to 
mechanisms of injury, the knee, in particular the ACL, and lateral ankle sprain both share 
jump landings as their most common mechanism (Garrick, 1977; Boden et al., 2000). 
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 There have been a few studies that have looked at the effect of ankle braces on the 
knee. (Venesky et al., 2006; Santos et al., 2004; Riemann et al., 2002; Hopper et al., 1999; 
DiStefano et al., 2008; Cordova et al., 2010).  Santos et al. (2004) used a rotation task, and 
found increased axial rotation at the knee when the ankle was braced, and the task did not 
permit compensation with the upper extremities.  DiStefano et al. (2008) found increased 
knee range of motion in the braced condition, while Cordova et al. (2010) found decreased 
knee angular displacement in the braced condition. Venesky et al. (2006) investigated the 
effects of ankle bracing on knee varus-valgus and internal-external rotation moments during 
drop landings onto a slanted surface. They found increased knee external rotation moment 
when the ankle was braced than when unbraced. The authors did not find a significant 
difference in knee valgus moment. They state that this may be due to the fact that the drop 
landing used in this study was primarily in the sagittal plane. 
How do these findings compare to risk factors for injury at the knee? One of the most 
concerning injuries at the knee is anterior cruciate ligament (ACL) tear. The American 
Academy of Orthopedic Surgeons (AAOS) estimates 200,000 ACL tears in the US annually, 
with approximately half of those being surgically reconstructed. 
(http://orthoinfo.aaos.org/topic.cfm?topic=A00297). ACL tear has been found to be between 
4 and 8 times more common in females than in males (Ford et al., 2005; Hewett et al., 2005a; 
Hewett et al., 2005b; Myer et al., 2005). Prodromos et al. (2007) quantified the incidence of 
ACL tear as a function of gender, sport, and knee injury reduction regimen. They found 
female/male incidence ratios of 3.5 in basketball. 2.67 in soccer, and 1.18 in lacrosse.  Often 
an ACL tear is associated with a medial collateral ligament (MCL) tear as well as meniscal 
injury.  
  The ACL originates at the medial surface of the lateral femoral condyle and inserts on 
the anterior surface of the midtibial plateau (Whiting and Zernicke, 2008). It has an 
anterolateral band and a posteromedial band.  The anteromedial band is taut in flexion and 
lax in extension.  The posterolateral bundle is taut in extension and lax in flexion.  Typically 
when the ACL is damaged there is some damage to the menisci, and often to the medial 
collateral ligament (MCL) as well. The ACL is loosely connected to the medial meniscus on 
the anterior horn. The primary function of the ACL is to prevent anterior tibial translation 
11 
 
relative to the femur as well as posterior femur translation relative to the tibia.  Its secondary 
function is to prevent internal rotation of the tibia relative to the femur.  It is also thought that 
the ACL may play some role in preventing varus/valgus angulation of the knee. Lastly, the 
ACL works with the posterior cruciate ligament to prevent hyperflexion and hyperextension. 
The ACL is actually the weaker of the two cruciate ligaments (Whiting and Zernicke, 2008). 
The ACL accepts 75% of the anterior forces at full knee extension and 85% at 90 degrees of 
flexion. Orientation is important in loading of the ACL. When tensile loads were applied 
along the anatomical axis of the ACL, it had an ultimate load of  2160 N (Woo et al., 1991).  
When tensile loads were applied along the tibial long axis, the ACL had an ultimate load is 
1602 N. Stiffness also changes, from  242 N/mm on the ACL anatomical axis to 218 N/mm 
on the tibial long axis.  Woo et al. (1991) indicate that these changes with orientation may be 
due to the fact that more of the ACLs fibers are aligned to accept load on the anatomical axis.  
They also found that there is a significant decrease in ultimate load with age.  
 The biomechanical risk factors for ACL injury are well studied and documented. 
 They include valgus loading combined with tibial external rotation, or knee hyperextension 
with tibial internal rotation (Whiting and Zernicke, 2008).  Evidence supports extended knee 
landing posture, increased knee abduction angles, and increased abduction loads during early 
stance as the most common mechanisms of injury (Besier et al., 2001; Boden et al., 2000; 
Ford et al., 2005; Griffin et al., 2000; Thomas et al. 2010). Krosshaug et al. (2007) found that 
the knee joint valgus angles increased rapidly from 4 to14 degrees and 3 to16 degrees for two 
of the cases of ACL rupture analyzed using video. There was a 10 degree change in knee 
joint angle over 30 ms in the first case, and a 13 degree change in knee joint angle over 40 
ms in the second case (Krosshaug et al., 2007).  These results reinforce the danger of valgus 
loading on a relatively extended knee.  Yu and Garrett (2007) also note the more extended 
knee and the posteriorly directed ground reaction force (GRF) combined with a forceful 
quadriceps contraction as significant risk factors for the ACL.  
As previously noted, fatigue has been studied as a risk factor for both ankle sprain 
and knee sprain, in particular ACL tears. Thomas et al. (2010) investigated isolated fatigue of 
the hip rotator muscles and the triceps surae during single leg landing. They found increased 
hip internal rotation during initial contact and during peak stance. The authors also found that 
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when the triceps surae were fatigued, the subjects landed with a more extended knee at initial 
contact.  The authors concluded that these isolated changes were not enough to put the ACL 
at increased risk. However, fatigue of multiple muscle groups combined with generalized 
physical and mental fatigue of a sport was suggested to be of concern for ACL injury. 
Borotikar et al. (2008) found significantly decreased hip flexion after fatigue, as well as 
increased hip internal rotation, which agrees with Veneskey et al.’s (2006) findings. 
Interestingly, Borotikar et al. (2008) also found that anticipation played a role in landing 
strategy, noting that subjects demonstrated more hip extension and internal rotation when 
they were not anticipating the landing versus when they were. Additionally, the authors 
found that these changes remained during peak stance (0-50% of stance). Their findings 
included increased knee abduction and internal rotation as well as ankle supination when 
subjects were fatigued (Borotikar et al., 2008). These findings together would seem to 
indicate a “stiffer” landing which could put the ACL at risk.  
The common mechanism of injury, jump landings, has been used as the movement of 
interest in many of the studies cited above. DiStefano et al. (2008) studied the kinematics of 
jump landing tasks in a braced and an unbraced condition. They found no change in 
anterior/posterior direction kinematics or ground reaction forces. However, one limitation of 
this study was that it only examined sagittal plane motion.  Shaw et al. (2008) used jump 
landing tasks to evaluate the use of ankle braces when fatigued versus pre-fatigue.  They 
found that time to stabilization was faster in the lace up brace condition than with the semi-
rigid brace or no brace conditions. Further study is needed to clarify the nature of the 
interaction between ankle braces and jump landing mechanics. 
Six studies have specifically addressed ankle bracing and changes in loading, 
neuromuscular activation, and/or kinematics at the knee.  Santos et al. (2004) used a rotation 
task, as mentioned previously, and found that axial rotation at the knee increased when ankle 
braces were worn, and the subject could not compensate by using the upper extremities and 
trunk.  The other five studies all used drop landing or jump landing tasks as their test 
movement. Hopper et al. (1999) studied rear foot motion, EMG activation of the muscles of 
the lower leg, peak vertical ground reaction force (VGRF) and time to peak VGRF in lace-up 
brace, taped and control conditions.  EMG activity of the calf muscles was diminished 
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slightly when ankle support was worn. No difference was found in peak VGRF or time to 
peak VGRF. These results are difficult to compare to other studies or to determine 
applicability to sport because the participants did not wear shoes. The braces and tape do not 
function in the same way when not combined with the support of a shoe. Of the remaining 
four studies, three studied time to peak VGRF (Cordova et al., 2010; DiStefano et al., 2008; 
Riemann et al., 2002). Only DiStefano and colleagues did not find decreased time to peak 
VGRF in the braced or taped conditions. Kinematic results from Cordova et al. (2010) and 
DiStefano et al. (2008) indicated no change in sagittal plane kinematics at the hip. 
Kinematics at the knee were not clear. Both saw decreased overall displacement at the knee, 
but DiStefano indicated that the knee joint angle at impact was greater in the braced 
condition than when unbraced.  Both studies found that sagittal plane range of motion was 
decreased at the ankle.  
Venesky et al. (2006) were the only group to look at torque at the ankle and knee 
when the ankle was braced. They were also the only researchers to begin to address loading 
in the frontal plane.  The movement of interest in their study was a drop jump to a slanted 
platform.  Their primary finding was that knee external rotation torque was increased in the 
braced condition. This study did not find any difference in knee valgus torque between the 
braced and unbraced conditions.  The ankle joint moments in this study are difficult to 
interpret because it is unclear which part of the joint moment is being contributed by the 
brace and which part is being contributed by the muscles of the lower leg. The knee joint 
moments in the frontal plane are also difficult to interpret because their biological cause is 
unclear. 
 Thus the question of how ankle bracing affects muscle activation of the proximal 
lower extremity, including knee extensors and flexors as well as hip extensors remains to be 
examined. Furthermore, the question of loading at the knee in the frontal and sagittal planes 
requires further study and clarification.  
 To that end, this dissertation employed the following dependent measures in order to 
examine neuromuscular activity and loading at the knee, as well as changes elicited by 
fatigue when the ankle is braced: internal knee extension moments, external knee varus and 
valgus moments, internal hip extension moments, and internal hip abduction moments, along 
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with joint moment loading rates, joint moment impulses, and EMG data. Loading rates were 
calculated by taking the first central difference of the joint moment and impulses were 
calculated by finding the area under the joint moment curve. Video and force platform data 
were captured in order to allow calculation of kinetic variables.  EMG data were captured for 
the quadriceps, hamstrings, and gluteus maximus, and these data were normalized to 
maximal voluntary isometric contraction.    
When joint moments are calculated using inverse dynamics, they are net internal joint 
moments.  Internal joint moments express what is occurring within the body as a result of the 
external moments. Within these internal joint moments, it is not possible to determine how 
much force each muscle group is contributing to the net joint moment. Assumptions are 
made about the fact that the muscles compress the joint, and that they have certain angles of 
pull and estimated distances from the joint centers.   Additionally, co-contraction is not well 
accounted for because the directly opposing forces of agonist and antagonist muscles cancel 
out. The same thing is true of eccentric versus concentric contraction which cannot be 
determined from the raw data.  Again inferences are made about the type of muscle 
contraction occurring at a particular moment in time based on joint and segment position, and 
direction of movement. Symmetry between medial and lateral and between anterior and 
posterior muscle groups is also difficult to determine.  EMG can help us determine if the 
muscles are acting symmetrically or not, but the joint moments are only the net result.  
Comparing sides of the body or multiple joints can provide further insight. (Robertson, 2004) 
Electromyography requires similar care in interpretation.  While not linearly 
correlated EMG amplitude can give an idea of muscle force.  EMG frequencies can 
distinguish between healthy nervous stimulation of muscle and pathologic nervous activity 
which may lead to decreased activation of the muscle and atrophy. A drop in EMG frequency 
may indicate muscle fatigue, but may also indicate an increase in synchronous firing or 
increased activity of synergist muscles that are not being monitored. In some cases onset and 
offset patterns can be studied to attempt to see which muscles are responsible for a particular 
movement. However, muscles demonstrate a baseline level of EMG related to resting muscle 
tone. Furthermore this baseline level will be increased when monitoring lower extremity 
muscles in standing as compared to non-weight-bearing. EMG data indicate which muscles 
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are active. In order to have the EMG output be comparable across individuals it must first be 
normalized.  One of the most common ways to do this is to use maximal voluntary isometric 
contraction (MVIC). Percentage of MVIC for each muscle group of interest becomes the 
dependent variable.  One last consideration with EMG is that the data during dynamic 
periods are easily corrupted by unwanted components from various sources such as 
movement artifact and electrical interference. To ensure the most accurate and robust data, 
EMG is typically analyzed in discrete quasi-static time periods of a movement and filtered to 
minimize the impact of nonphysiological data, such as the electrical interference from 
electric lights and computers (Robertson, 2004; Cram et al., 1998). 
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CHAPTER 2:  THE EFFECTS OF ANKLE BRACING ON JOINT MOMENTS AND 
LOADING RATES DURING JUMP LANDING TASKS 
 
Abstract  
Background:  Ankle sprain and ACL tear share jump landings as a common mechanism of 
injury. They also share fatigue as a common risk factor. The purpose of this study was to 
investigate whether ankle braces, used to prevent ankle sprain, alter joint moments and 
loading rates at the knee and hip during jump landing.  
 Methods:  Ten young healthy adults (2 male, 8 female) participated in the study.  
Participants performed forward and backward jumps at a 45° angle to the force platforms in 
both braced and unbraced conditions, before and after a functional fatigue protocol.  Data 
were collected using Breg Ultra FullCourt ankle braces, 2 force platforms, and an 8 camera 
motion analysis system.  Joint moments were calculated using inverse dynamics and loading 
rates using the first central difference method.  
Findings: No main effect of fatigue was found. Knee extension and knee varus loading rates 
were larger in the braced condition.  Hip extension and hip abduction moments and knee 
extension, hip extension and hip abduction loading rates were greater for the forward jump.  
Knee varus and knee valgus moments were larger in the backward jump.  
Interpretation: Increased knee varus loading rate noted with bracing is concerning for 
osteoarthritis development. Increased frontal plane moments at the knee during the backward 
jump may indicate more reliance on passive structures of the knee for joint stability.  
 
Introduction 
Prophylactic ankle bracing is widely used to prevent ankle sprain.  (Cordova and 
Ingersoll, 2003; DiStefano et al.; 2008: Gross and Liu, 2003; Olmsted-Kramer and Hertel, 
2004; Pedowitz et al., 2008). Bracing more effectively prevents secondary ankle sprain than 
primary ankle sprain (Olmsted et al., 2004). The question of whether or not prophylactic use 
of an ankle brace is effective at preventing sprains is still a topic of much debate.  Tibial 
internal and external rotation are coupled with pronation and supination of the foot in weight 
bearing (Neumann, 2002).  Given that the purpose of bracing is to restrict frontal plane 
motion of the ankle, the impact of short and long term ankle bracing on the mechanics of the 
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knee joint becomes a question of interest. There have only been a few studies that have 
looked at the effect of ankle braces on the knee (Venesky et al., 2006; Santos et al., 2004; 
Riemann et al., 2002; Hopper et al., 1999; DiStefano et al., 2008; Cordova et al., 2010). Four 
of these studies measured peak vertical ground reaction forces (VGRF) and found no 
difference between the braced and the unbraced condition (Hopper et al., 1999; Riemann et 
al., 2002; DiStefano et al., 2008; Cordova et al., 2010). However, Riemann et al. (2002) and 
Cordova et al. (2010) did see shortened times to peak VGRF.  Further study is needed to 
clarify the nature of the interaction between ankle braces and jump landing kinetics, 
particularly in the frontal plane.  Increases in peak joint moments and loading rates at the 
knee joint when wearing an ankle brace and/or when fatigued would indicate conditions 
where the risk of injury may be increased. 
One of the most concerning injuries at the knee is anterior cruciate ligament (ACL) 
tear.  The American Academy of Orthopaedic Surgeons estimates that approximately 
200,000 ACL tears occur in the US annually, with approximately half of them being repaired 
surgically (AAOS, 2011).  Seventy percent of ACL injuries are noncontact (Griffin and 
Guilak, 2005).  Suboptimal positioning when landing from a jump is a common mechanism 
of noncontact injury for both ankle sprain and ACL injury.  Common ACL injury 
mechanisms include knee valgus loading combined with tibial external rotation, or knee 
hyperextension combined with tibial internal rotation (Whiting and Zernicke, 2008).  
Evidence supports that more extended knee landing postures, increased knee valgus angles, 
and increased knee valgus loads during early stance are ACL injury risk factors (Ford et al., 
2005; Besier et al., 2001; Boden et al., 2000; Thomas et al., 2010).  These results reinforce 
the dangers of valgus loading on a relatively extended knee (Krosshaug et al., 2007).  Yu and 
Garrett (2007) also note the combination of a more extended knee, a posteriorly directed 
ground reaction force (GRF), and a forceful quadriceps contraction as a significant risk factor 
for ACL injury.  Prodromos et al. (2007) found that ACL tears were 3.5 times more common 
in females than males in basketball, a sport where ankle support through bracing or taping is 
common.  Chappell et al. (2007) found that during vertical stop-jumps, females had increased 
internal rotation angles during the flight phase and decreased knee flexion, hip flexion, and 
hip abduction angles at landing as compared to males .  When these findings are compared to 
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the risk factors for ACL injury, there is a consistent pattern linking females to increased risk 
for ACL injury as compared to males. Furthermore, it would be of concern for ACL injury if 
prophylactic ankle bracing lead to that same pattern of more extending landing postures and 
increased knee valgus loading. 
Fatigue is a risk factor shared by many commons sports injuries including both ankle 
sprain and ACL tear. Wickstrom et al. (2004) and Shaw et al. (2008) used jump landing tasks 
to evaluate the use of ankle braces when fatigued versus pre-fatigue.  Wickstrom et al. (2004) 
found no differences in knee flexion angles when comparing functional fatigue to isokinetic 
fatigue or when comparing pre-fatigue to fatigue.  Shaw et al. (2008) found increased time to 
stabilization in the anterior-posterior direction in the unbraced and active ankle brace 
conditions than with a Swede-O lace-up brace, but no differences in the medial-lateral 
direction. The question of how fatigue will change the impact of ankle bracing on sagittal and 
frontal plane kinetics at the knee is yet to be determined.  
Thus, further study is needed to clarify the nature of the interaction between ankle 
braces, jump landing kinetics, and fatigue particularly in the frontal plane.  Increases in peak 
joint moments and loading rates at the knee joint when wearing an ankle brace and/or when 
fatigued would indicate conditions where the risk of injury may be increased. 
  The purpose of the current study was to investigate the effects of ankle bracing and 
functional fatigue on lower extremity responses to jump landing tasks.  With frontal plane 
motion restricted at the ankle, it was hypothesized that external knee varus/valgus and 
internal hip abduction moments would increase when comparing braced and unbraced jump 
landings. It was further hypothesized that loading rates for these joint moments would be 
greater in the braced condition as compared to the unbraced condition.  Lastly, it was 
hypothesized that the knee varus/valgus and internal hip abduction moments would also 
significantly increase when comparing fatigued jump landings to pre-fatigue.   
 
Methods 
Ten individuals (2 males/8 females, age 22 ± 1 year, height 1.71 ± 0.1 m, mass 73.4 ± 
26.6 kg) participated in this study. All participants were recreational athletes with no current 
lower extremity injuries hindering their normal participation in sports or activities of daily 
22 
 
living. When subjects arrived at the lab, they were oriented to the study and asked about 
current or previous lower extremity injury as well as current physical activity level. 
Participant’s questions about the study were answered and informed consent was obtained as 
approved by the Institutional Review Board. 
Participants performed forward and backward jumps starting on both feet and landing 
on one foot only.  The jumps were performed to the left and right sides, starting at a 45 
degree angle to the center of the force platforms. Starting position for each jump was 
standardized by measuring the subject’s leg length from the greater trochanter to the floor 
and using that as the distance from the center of the force plate to the starting line.  Two trials 
of each jump were performed in both the braced and unbraced conditions, for a total of 16 
pre-fatigue and 16 post fatigue trials (braced/unbraced x forward/backward x left/right x two 
trials). For the pre-fatigue trials, the unbraced conditions were performed, the braces were 
donned, the ankle/foot markers were reapplied, a new static trial was captured with the braces 
on, and then the braced conditions were performed.  Bregg Ultra Full Court ankle braces 
were used bilaterally for the braced condition. After finishing the pre-fatigue testing, 
participants completed a fatigue protocol while wearing the ankle braces.  The 20 minute 
fatigue protocol included the Southeast Missouri agility drill (SEMO) (Wikstrom et al., 
2004), one-legged Bosu hops, and jumping over mini-hurdles.  Participants averaged a score 
of 15 on the Borg scale of perceived exertion at the end of the fatigue protocol, indicating 
that they had worked “hard,”  The jumps in the braced condition were performed first after 
the fatigue protocol in order to limit the number of times the braces were applied and 
removed. 
Markers were placed on bilateral lower extremities: heels, medial and lateral malleoli, 
fifth metatarsal heads, great toes, anterior shins, medial and lateral knee joint lines, anterior 
thighs, and greater trochanters.  Pelvic markers included anterior superior iliac spines, 
posterior iliac spines, and sacrum.  Trunk markers included acromion processes, cervicale, 
and surprasternale. An initial static trial was then captured in anatomical position.  The 
medial malleoli, medial knee joint lines, and heel markers were then removed so as not to 
restrict or be obscured during movement.  Removed markers were recreated during the jump 
landing tasks using transformations determined from the static standing trials.  Ground 
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reaction forces were collected at 1600 Hz using two in-ground force platforms (AMTI, 
Watertown, MA), and markers were tracked at 160 Hz using an eight camera Peak Motus 
motion analysis system (Vicon, Centennial, CO).  Noise was reduced using a fourth order, 
low pass, symmetric Butterworth filter at a cut off frequency of 10 Hz for video data and at 
20 Hz for force platform data. 
The jump landing was defined to occur starting when the vertical ground reaction 
force exceeded 50 N to when it returned to body weight after the landing impact.  Lower 
extremity masses, center of mass positions, and moments of inertia were individually 
estimated using relationships defined by de Leva (1996).  Ankle and knee joint centers were 
defined as the midpoint between the medial and lateral malleoli and the knee joint line 
markers, respectively.  Hip joint centers were determined using the greater trochanter 
markers with a medial-lateral adjustment derived from Bell et al. (1990).  Jump height during 
the movement of interest was calculated by subtracting the standing sacral marker height 
during the static capture from the peak sacral marker height during the trials.  Peak internal 
knee extension, hip extension, hip abduction, and external knee varus/valgus moments were 
calculated during the jump landing using inverse dynamics, transformed to the distal segment 
coordinate system, and normalized by body mass.  Loading rates were determined by taking 
the first central difference of the joint moments and analyzing values that were increasing in 
magnitude. Ankle joint moments and loading rates were not included because their meaning 
would be unclear during bracing.  All calculations were performed in Matlab (Natick, MA). 
Multivariate ANOVA was performed to assess whether joint moments and loading 
rates were dependent upon bracing, type of jump, fatigue, and their interactions (SPSS, 
Chicago, IL).  When significant main effects were found, differences between braced vs. 
unbraced, forward vs. backward jumps, and non-fatigued vs. fatigue conditions were tested 
with univariate ANOVA.  Significance was set at p < 0.05 for both main effects and 
univariate comparisons. 
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Results 
Peak joint moments and loading rates were dependent upon bracing (p = 0.005) and 
type of jump (p < 0.001).  Peak joint moments and loading rates were not dependent upon 
fatigue or any interactions between comparisons (p > 0.342 for all comparisons). 
 
Bracing: Peak knee extension (p = 0.005) and knee varus (p = 0.038) loading rates were 
significantly higher in the braced condition (Figure 1).  Peak knee extension and knee varus 
loading rates both increased by 23% with bracing.  There were no significant differences in 
peak joint moments as a function of bracing. 
 
Type of Jump: Peak hip extension (p < 0.001) and hip abduction (p < 0.001) moments were 
significantly higher in the forward jump as compared to the backward jump (Figure 2).  In 
addition, peak knee extension (p < 0.001), hip extension (p < 0.001), and hip abduction (p < 
0.001) loading rates were significantly higher in the forward jump (Figure 3).  In contrast, 
peak knee varus (p = 0.005) and knee valgus (p = 0.023) moments were significantly higher 
in the backward jump as compared to the forward jump. Participants jumped higher in the 
forward direction (p= 0.035), with an average jump height of 0.10 ± 0.05m in the forward 
direction and 0.08 ± 0.03m in the backward direction. 
 
Combined Effects: Peak knee extension loading rates were dependent upon both bracing and 
type of jump.  Peak knee extension loading rates ranged from 52 ± 13 Nm/kg·s during 
unbraced backward jumps to 88 ± 29 Nm/kg·s during braced forward jumps. 
 
Discussion 
The purpose of this study was to investigate the effects of ankle bracing and 
functional fatigue on lower extremity responses to jump landing tasks.  The first hypothesis 
that peak knee varus/valgus and hip abduction moments would increase with ankle bracing 
was not supported.  Venesky et al. (2006) studied drop landings onto a slanted platform in a 
braced and an unbraced condition and also did not find significant differences in knee 
varus/valgus moments.  Their drop landing task involved primarily axial loading, and they 
25 
 
suggested that significant differences in knee varus/valgus moments might have occurred if 
the task had a larger medial-lateral component.  Our jumping task did involve a medial-
lateral component, but still did not result in increased peak knee varus/valgus moments. 
The second hypothesis that peak knee varus/valgus and hip abduction loading rates 
would increase with ankle bracing was partially supported.  Knee varus loading rates 
significantly increased with ankle bracing, while knee valgus and hip abduction loading rates 
remained unchanged.  Knee extension loading rates were also increased when using an ankle 
brace.  While knee valgus loading is considered a risk factor for ACL injury, knee varus 
loading has been associated with medial compression of the knee joint and osteoarthritis 
progression (Miyazaki et al., 2002).  Both knee extension and knee varus loading rates 
significantly increased with ankle bracing while peak moments were unchanged. This would 
appear to be in agreement with Hopper et al. (1999), Riemann et al. (2002), DiStefano et al. 
(2008), and Cordova et al. (2010) who all found no change in peak VGRF with ankle 
bracing.  The increased loading rates may be analogous to the findings of Cordova et al. 
(2010) and Riemann et al. (2002) who found shorter times to peak VGRF.  
The third hypothesis that knee varus/valgus and hip abduction moments would 
increase with fatigue was not supported.  These results are in agreement with Thomas et al. 
(2011), who studied jump landings after fatigue of the hip rotators and of the triceps surae.  
While fatigue of the hip rotators resulted in increased hip internal rotation angles and fatigue 
of the triceps surae resulted in decreased knee flexion at initial contact, they found no kinetic 
differences at the knee or hip.  Wickstrom et al. (2004) compared a functional fatigue 
protocol to isokinetic fatigue and found no differences in knee flexion angles when 
comparing pre- to post- fatigue or when comparing one fatigue protocol to the other.  While 
there were no significant differences due to fatigue in the current study, this observation may 
be due to an ineffective fatigue protocol or due to testing movements that were not 
challenging enough to detect changes. 
Forward and backward directions were tested to simulate a variety of jumps that 
could be encountered during a volleyball game.  It was in the comparison between forward 
and backward jumps where the most significant differences were found.  One fundamental 
kinetic difference between these types of jumps was demonstrated by significantly higher hip 
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abduction moments and loading rates during forward jumps.  This movement involved 
jumping forward at a 45 degree angle from starting to landing.  The increased internal hip 
abduction moment may be required to keep the pelvis from collapsing towards the stance leg 
and to halt the progression of the trunk and center of mass of the body.  Of the two 
directions, the forward jump appeared to be the more forcefully completed movement, as 
evidenced by a significantly higher jump height. 
While the backward jumps also involved a 45 degree angle from starting to landing, 
these jumps were more conservative in terms of jump height.  Significant increases in knee 
extension loading rates, hip extension moments, and hip extension loading rates during 
forward jumps also appear to support the idea of more tentative backward jumps.  
Interestingly, knee varus and valgus moments were greater in the backward jump than the 
forward jump.  An explanation for these differences is not obvious, but it may have to do 
with less familiarity with jumping backward than forward.  Additional experience jumping 
forward may lead to effective muscular control in the frontal plane by the hip abductors, 
while the less utilized backward jump may rely on passive structures of the knee joint to 
provide frontal plane stiffness. 
There are several limitations to this study. One was the use of net joint moments, 
which do not indicate potential increases in joint loading due to co-contraction.  Another 
limitation was the lack of a physiological measure of fatigue.  The Borg Rating of Perceived 
Exertion was used, which is primarily a measure of cardiorespiratory fatigue rather than 
muscular fatigue.  Muscular fatigue can be defined as a specific percent decrease in peak 
torque production (Thomas et al., 2011).  Alternatively, one could determine changes in 
electromyographic mean frequency pre- and post fatigue, although the dynamic nature of 
jump landings may make such measures difficult to interpret.  Given that the subjects 
reported working hard and demonstrated typical responses to strenuous exercise including 
sweating and increased respiration rate, it appeared that the fatigue protocol adequately 
simulated post practice or game fatigue. 
Common main effects of bracing and type of jump indicate that knee extension 
loading rates during braced forward jumps merit further study with a larger sample size.  
Electromyographic measurements during jump landings may also provide further insight into 
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muscle fatigue and co-contraction when ankle braces are worn.  Additionally, exploration of 
the kinetic and neural effects of long term ankle brace use is warranted. 
 
Conclusions 
Individuals displayed increased knee extension and knee varus loading rates during 
jump landings when wearing an ankle brace.  Forward jumps resulted in higher hip extension 
and hip abduction joint moments and higher knee extension, hip extension and hip abduction 
loading rates. Backward jumps resulted in higher knee varus and knee valgus joint moments.  
Forward and backward jumps were kinetically different, which would support testing and 
potentially training with both types of jumps. 
 
Figures and Tables 
 
 
 
 
Figure 1: The effects of bracing on peak loading rates. * Braced significantly greater (p < 
0.05) 
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Figure 2: The effects of jump type on peak joint moments. * Forward jumps significantly 
greater (p < 0.05)  # Backward jumps significantly greater (p< 0.05) 
 
 
 
 
 
 
 
Figure 3: The effects of jump type on peak loading rates. * Forward jumps significantly 
greater (p < 0.05)  
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CHAPTER 3:  ELECTROMYOGRAPHIC CHANGES IN QUADRICEPS, 
HAMSTRING, AND GLUTEAL MUSCLES AS A RESULT OF ANKLE BRACING, 
FATIGUE, AND JUMP DIRECTION 
 
Abstract 
Background:  Jump landing is a common mechanism of injury for both ankle sprain and 
anterior cruciate ligament tear. They also share fatigue as a common risk factor. The purpose 
of this study was to investigate whether semi-rigid ankle braces, used to prevent ankle sprain, 
alter neuromuscular control at the knee during jump landing.   
 Methods:  Ten healthy young adults (2 male, 8 female) agreed to participate in the study. 
Electromyography (EMG) electrodes were placed on the biceps femoris, vastus lateralis and 
gluteus maximus bilaterally.  Participants performed forward and backward jumps at a 45° 
angle to the force platforms in braced and unbraced conditions, before and after a functional 
fatigue protocol. Dependent measures consisted of percentage of maximal voluntary 
isometric contraction.  
Findings: No main effect of brace was found.  Reduced gluteus maximus EMG activation 
was observed post fatigue during landing preparation and during the second and third phases 
of stabilization after landing.  The vastus lateralis demonstrated increased EMG activation 
with backward jump during landing preparation and in forward jump during the first phase of 
stabilization after landing. 
Interpretation: Increased quadriceps activation before landing and decreased activation after 
landing may indicate a more conservative strategy and less forceful movement when jumping 
backward.  Reduced gluteus maximus activation with fatigue may be due to a shift in muscle 
recruitment.  
 
Introduction 
 Ankle braces are commonly used in sports that require jumping, such as volleyball 
and basketball, because of the high incidence of ankle sprain (Garrick, 1977; Safran et al., 
1999; Shaw et al., 2008).  Movements at the ankle and knee joints are coupled through tibial 
rotation.  Richards et al. (2002) found that ankle inversion moments during landings from a 
spike jump were a significant predictor of patellar tendinopathy in male volleyball players, 
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which would seem to support ankle bracing.  However, connections have also been made 
between restricted motion at the ankle and knee injury (Tuggy and Ong, 2000).  Appreciating 
the link between the ankle and the knee, anterior cruciate ligament (ACL) rupture is one of 
the most common knee injuries in sports, estimated at 200,000 ACL tears in the USA 
annually (AAOS, 2011).  The use of prophylactic ankle braces may alter knee kinematics, 
which in turn may alter lower limb electromyographic (EMG) patterns and put the ACL 
ligament at greater risk of injury. 
 Using EMG, researchers have begun to investigate changes in muscle activation in 
the lower leg as a result of both short- and long-term ankle bracing.  Cordova and Ingersoll 
(2003) found increased peroneus longus (a primary evertor of the foot) reflex amplitudes 
after eight weeks using a lace-up or a semi-rigid ankle brace.  When studying the time 
between when an inversion perturbation was applied and when the peroneus longus muscle 
activity increased, Cordova and Ingersoll (2003) found no differences between braced and 
unbraced conditions.  However, Shima et al. (2005) found that the braced and taped 
conditions increased the latency period.  These seemingly contrary findings leave questions 
as to the effect of bracing on the neuromuscular control of the lower leg. 
 Due to the increased ACL tear risk for females,  (Ford et al., 2005; Hewett et al., 
2005a; Hewett et al., 2005b; Myer et al., 2005)  numerous studies have investigated gender 
differences in lower extremity EMG. Women tend to demonstrate relatively increased 
quadriceps activity and decreased hamstring activity during jump landings and cutting 
maneuvers when compared with their male counterparts (Malinzak et al., 2001; Zeller et al., 
2003; Hewett et al., 2005b; Sigward and Powers, 2006; Gehring et al., 2009; Landry et al., 
2009).  Women also demonstrate decreased gluteus maximus activation (Zazulak et al., 
2005).  The trend towards increased activation of the quadriceps versus the hamstrings in 
females is of concern as it is consistent with increased anterior shear load placed on the ACL 
(Whiting and Zernicke, 2008).  If the same pattern of quadriceps versus hamstring activation 
were seen as a function of ankle bracing, that would further increase the concern for 
increased risk of ACL injury. 
 Fatigue has also been established as a risk factor for ACL tears as well as for ankle 
sprains (Pincivero et al., 2000; Wikstrom et al., 2004; Chappell et al., 2007; McLean et al., 
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2007).  Increased co-contraction of the hamstrings has been demonstrated with fatigue of the 
quadriceps muscles (Psek and Cafarelli, 1993; Pincivero et al., 2000).  Girard et al. (2008) 
also found decreased muscle activation of the vastus lateralis and medialis when subjects 
were fatigued. Granacher et al. (2010) found significant decreases in functional reflex 
activity of the tibialis anterior and increased co-contraction of the gastroc soleus complex.  
Gehring et al. (2009) investigated gender differences during a jump landing task and found 
that women demonstrated decreased biceps femoris and semitendonosis pre-landing 
activation after fatigue relative to men. They also observed decreased biceps femoris 
activation for the initial phase of landing. Again the relative decrease in activation of the 
hamstrings relative to the quadriceps as a result of fatigue would be of concern for ACL 
injury. 
 As mentioned previously, jump landings are a common mechanism of injury for both 
ACL tears and ankle sprains (Safran et al., 1999; Griffin et al., 2000; Hewett et al., 2005a).  
In an athletic competition, an individual may have to jump both forward and backward in a 
variety of directions.  Backward jumps likely are a less practiced task for the athlete than 
forward jumps.  Hara et al. (2008) compared forward to backward jumps looking at the 
influence of arm swing when it was in the same or the opposite direction as the jump.  They 
found increased biceps femoris activation when the jump and the arm swing were congruent 
and suggested that the biceps femoris was acting as a hip extensor to counteract the increased 
hip flexion during push-off.  Due to the relevance of directional jumping in sports, and the 
lack of existing literature examining EMG patterns during both forward and backward jumps, 
further study is warranted.  
 The purpose of the current study was to determine if ankle bracing, fatigue, and jump 
direction altered neuromuscular control at the knee.  The hypotheses were as follows: 1) the 
vastus lateralis would show increased EMG amplitudes during braced jump landings due to 
restricted ankle movement; 2) the vastus lateralis would show decreased EMG amplitudes 
during fatigued jump landings consistent with previous jumping research; and 3) the gluteus 
maximus and biceps femoris would show increased EMG amplitudes with the backward 
jump landings to match increased hip flexion at landing. 
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Methods 
 Ten healthy adults participated in the study (2 males/8 females, age 24 ± 3 years, 
height 1.73 ± 0.09 m, mass 81 ± 14 kg). Written informed consent was obtained as approved 
by the Institutional Review Board, and a brief medical history was recorded via survey.  
Subjects were excluded if they reported any lower extremity injury in the past six months 
that had restricted their ability to participate in physical activity for more than two weeks. 
Leg length from greater trochanter to floor was measured in order to determine starting 
positions for jumping tasks.  EMG electrodes were placed bilaterally on the vastus lateralis, 
biceps femoris, and gluteus maximus.  A wireless EMG system (Delsys, Boston, MA) 
measured muscle activity, and two in-ground force platforms (AMTI, Watertown, MA) were 
used to detect the initiation of the jump landings.  EMG and force platform data were 
sampled at 1600 Hz. 
 Participants performed 3 trials of a 5 second maximum isometric voluntary 
contraction (MVIC).  All MVICs were performed against manual resistance with the 
researcher braced against a wall to prevent limb movements.  MVICs for the vastus lateralis 
and biceps femoris were performed while the subject was seated on a table with hips and 
knees flexed to 90 degrees.  The researcher resisted knee extension by holding the subject’s 
leg at the distal anterior tibia and knee flexion by holding the distal posterior tibia.  The 
gluteus maximus was tested in a standing position with the subject facing the table.  The 
subject rested his/her hands lightly on a milk crate resting on the table for balance and 
attempted to extend the lower extremity straight back from the hip.  The researcher resisted 
the motion by placing both hands on the distal posterior thigh.  All subjects were verbally 
encouraged during each maximal contraction.  The largest value from the three trials was 
used for normalization of the data gathered during the jumping trials (see below for EMG 
analysis steps).  
 The subjects performed two trials for each of four jump landing tasks: 1) forward at 
45º onto the right leg, 2) forward at 45º onto the left leg 3) backward at 45º onto the right leg, 
and 4) backward at 45º onto the left leg.  All jumping tasks were initiated with a two foot 
take-off, and landings were completed on one foot.  Starting lines for the jumping tasks were 
marked with tape one leg length from the center of the force platforms.  During these 
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movements motion was tracked using retroreflective markers and an eight camera Peak 
Motus motion analysis system  (Vicon, Centennial , CO)  and ground reaction forces were 
measured by two force plates (AMTI, Watertown, MA). These data were used to pinpoint 
jump height and jump landing. Jump height during the movement of interest was calculated 
by subtracting the standing sacral marker height during the static capture from the peak sacral 
marker height during the trials. Subjects were encouraged to jump as high as possible for 
each jump.  Landing threshold was defined as the vertical ground reaction force exceeding 10 
N.  
 The subjects were then fitted with Breg Ultra FullCourt ankle braces bilaterally 
(Orthofix International, Netherlands).  These braces were chosen as they were worn for all 
practices and games by this institution’s volleyball team (Figure 1).  The subjects then 
repeated the jump series described above (four jumps x two trials), resulting in a total of 16 
pre-fatigue jumps. 
 A fatigue protocol was then performed while wearing the braces.  It consisted of a 
Bosu hop pattern (5 right and 5 left, dual and single leg), 20 Bosu squats, shuttle run, 12 
small hurdle jumps (two foot take-off and landing), 15 toe raises, 15 heel raises, and the 
Southeast Missouri agility drill (SEMO) (Shaw et al., 2008; Wikstrom et al., 2004).  The 
SEMO includes side-stepping, back pedaling, and sprinting repeated to the right and to the 
left.  Subjects reported an average of 15 on the Borg Rating of Perceived Exertion scale, 
indicating that they had worked very hard.  After completing the fatigue protocol, the pre-
fatigue jump series was repeated in the braced condition and then in the unbraced condition, 
for a total of 16 fatigue jumps.  The order of bracing was designed to minimize the 
application and removal of the ankle braces, while the order of forward versus backward 
jumps was counterbalanced between participants. 
 The data were analyzed during four time periods: Pre-Landing (0-100 ms prior to 
landing), Post-1 (0-100 ms after landing), Post-2 (100-200 ms after landing), and Post-3 ( 
200-300 ms after landing).  Again, jump landing threshold was defined as the vertical ground 
reaction force exceeding 10 N.  Raw EMG data were bandpass filtered between 10-450 Hz 
with a fourth order, symmetric Butterworth filter (Matlab, Natick, MA).  The data were then 
rectified and filtered using a 10 Hz low pass filter to create a linear envelope.  Maximum 
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EMG amplitudes during each time period were normalized to peak MVIC amplitudes, 
averaged across trials, and collapsed across right/left leg landings. Multivariate ANOVA was 
used to test for differences between braced vs. unbraced, pre-fatigue vs. fatigue, and forward 
vs. backward jump directions (SPSS, Chicago, IL).  Where main effects were found, 
univariate ANOVA was used.  Significance was set at p < 0.05.  
 
Results 
 Maximum EMG amplitudes were significantly different between pre-fatigue vs. 
fatigue (p = 0.013) and forward vs. backward jump directions (p < 0.001).  There was not a 
significant main effect of braced vs. unbraced jump landings (p = 0.824), and there were no 
significant interactions between independent variables (p = 0.586 and above). 
 
Effects of Fatigue: Table 1 displays the means and standard deviations for the maximum 
EMG amplitudes as a function of fatigue.  Maximum gluteus maximus EMG amplitudes 
significantly decreased with fatigue during Pre-Landing (p= 0.035), Post-2 (p=0.009), and 
Post-3 (p=0.026) time periods as compared to pre-fatigue.  Figure 2 illustrates maximum 
gluteus maximus EMG amplitudes across time periods.  There were no significant changes in 
maximum vastus lateralis (p ≥ 0.475) or biceps femoris (p ≥ 0.465) EMG amplitudes with 
fatigue. 
 
Effects of Jump Direction: Table 2 displays the means and standard deviations for the 
maximum EMG amplitudes as a function of jump direction.  Maximum vastus lateralis EMG 
amplitudes significantly increased during backward jump landings during Pre-Landing (p = 
0.002) and significantly decreased during the Post-1 (p = 0.037) time period as compared to 
forward jump landings.  Figure 3 illustrates maximum vastus lateralis EMG amplitudes 
across time periods.  There were no significant changes in maximum gluteus maximus (p = 
0.575 and above) or biceps femoris (p = 0.146 and above) EMG amplitudes with jump 
landing direction.  Jump height was significantly higher for the forward jump (p=0.015). 
Average jump height in the forward direction was 0.11 ± 0.06m, and 0.08 ± .04 m in the 
backward direction. 
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Discussion 
 The purpose of the current study was to determine if ankle bracing and/or fatigue 
altered neuromuscular control at the knee during forward and backward jump landing tasks.  
Neuromuscular control was characterized by the amplitude of the EMG signal as a 
percentage of MVIC.  The question of interest was whether or not bracing the ankle changes 
neuromuscular activation patterns of the gluteus maximus, vastus lateralis and biceps 
femoris? If so, do those changes potentially put the ligaments of the knee, in particular the 
ACL, more at risk for injury?  It was hypothesized that the vastus lateralis would show 
increased EMG amplitudes in the braced condition.  It was also hypothesized that the biceps 
femoris would show decreased EMG amplitudes in the fatigue condition relative to the pre-
fatigue condition.  Thirdly, it was hypothesized that EMG amplitude of the gluteus maximus 
and the biceps femoris would be greater in the backward jump than the forward jump. 
 The first hypothesis was not supported as there were no significant differences in 
vastus lateralis EMG amplitudes between the braced and unbraced conditions.  This is similar 
to peroneus longus findings, where Kernozek et al. (2008), Gribble et al. (2004), and Zinder 
et al. (2009) found no differences in latency or activity with bracing.  One explanation might 
be that the subjects were all young healthy adults who did not typically wear ankle braces.  It 
is possible that with more time wearing the braces, differences in muscle activation of the 
quadriceps and hamstrings might be seen as a result of adaptation.  Cordova and Ingersoll 
(2003) and Midgely et al. (2007) performed eight week and volleyball season long bracing 
interventions in an attempt to measure adaptation. Their respective findings indicated that the 
peroneus longus reflex was not slowed by application of the braces for the duration of their 
studies. The question of adaptation requires further study to elucidate the effect of multiple 
years of brace wear. 
 The second hypothesis was also not supported in that vastus lateralis EMG 
amplitudes did not show a significant decrease with fatigue.  Instead, gluteus maximus EMG 
amplitudes were significantly decreased during the Pre-Landing, Post-2, and Post-3 time 
periods with fatigue.  Decreases in gluteus maximus EMG with fatigue indicate that 
additional endurance training focusing on this muscle group may be worthwhile for athletes 
who regularly experience jump landings.  With predominantly female subjects in the current 
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study, the results bear some relationship to the decreased activation of the hamstrings for 
females during landing preparation found by Gehring et al. (2009).  While there were no 
significant differences in vastus lateralis activation between pre- and post- fatigue states, the 
pre-landing period and third post landing period show a trend towards decreased activation 
which is mirrored in the hamstring. This direction of change is in agreement with Girard et 
al’s (2008) findings of decreased vastus lateralis activation when fatigued. Co-contraction of 
the hamstrings and quadriceps is an important consideration for knee stabilization and 
anterior shear loading on the ACL.  A cursory comparison of vastus lateralis and biceps 
femoris EMG amplitudes in Table 1 appears to show similar ratios for pre-fatigue and 
fatigue, with the exception of Post-2.  Given the connection to shear loading mentioned 
above, reduction in hamstring to quadriceps co-contraction 100-200 ms after landing merits 
further study. 
 The third hypothesis was not supported in that the gluteus maximus and biceps 
femoris EMG amplitudes did not significantly increase when jumping backward.  Instead, 
vastus lateralis EMG amplitudes were increased during Pre-Landing for backward jumps and 
increased during Post-1 during forward jumps.  One explanation for these results is that 
subjects took a more conservative approach to the less practiced backward jumps.  Higher 
vastus lateralis EMG amplitudes during Pre-Landing of backward jumps may indicate that 
the subjects were more tensed in preparation for a landing that they were unsure of.  On the 
other hand, higher vastus lateral EMG amplitudes during Post-1 of forward jumps may be 
due to the fact that the subjects jumped higher during these more familiar jumps and greater 
muscle activation was required to balance higher ground reaction forces during impact.  
These results support practicing jump landings in multiple directions for athletes who will 
encounter such situations in competition. 
 There are several limitations to this study related to EMG measurement and analysis.  
Measuring EMG only on the lateral aspect of the quadriceps and hamstring muscle groups 
resulted in a partial picture of what is occurring about the knee joint.  Additional 
measurements of semitendinosus and vastus medialis EMG would provide additional insight 
into frontal plane control and medial to lateral co-contraction.  The use of maximal voluntary 
isometric contraction as the standard to which the dynamic EMG readings were normalized 
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is also a limitation.  While all subjects were given verbal encouragement to exert their 
maximal effort, they may not have done so in practice.  The maximum EMG amplitude 
during three MVIC trials was used in an attempt to capture the participant’s maximum effort.  
Another limitation is that the interpretation of the EMG results is focused only on amplitude.  
EMG onset/offset times, frequency shift with fatigue, and co-contraction indices are potential 
areas for continued research. 
 The fatigue protocol was also a potential limitation of this study.  The protocol was 
designed to simulate the level of fatigue a player might feel at the end of a volleyball game 
and included movements on an unstable Bosu surface and the SEMO.  However, muscular 
fatigue was not directly quantified.  As an example, Thomas et al. (2011) and Wikstrom et al. 
(2004) both defined fatigue as a 50% decrease in torque production of the desired muscle 
group.  In the current study, participants rated their level of perceived exertion on the Borg 
scale, which is primarily a measure of cardiorespiratory fatigue.  Participants averaged a 
rating of 15, which indicated they were working “very hard.”  Furthermore, participants 
demonstrated physical signs of exertion, including sweating and increased respiration rate.  
However, the lack of significant differences in EMG amplitudes for the vastus lateralis and 
biceps femoris may be an indication that muscular fatigue was not achieved. 
 
Conclusions 
 Ankle bracing did not have a significant effect on EMG amplitudes of the gluteus 
maximus, vastus lateralis, and biceps femoris during the jump landings tested in this study.  
Fatigue resulted in significantly decreased gluteus maximus EMG amplitudes during Pre-
Landing (0-100 ms prior to landing), Post-2 (100-200 ms after landing), and Post-3 (200-300 
ms after landing).  This observation would potentially support additional endurance training 
of the gluteal muscles for athletes who perform jump landings.  Backward jumps resulted in 
increased vastus lateralis EMG amplitudes during Pre-Landing, while forward jumps resulted 
in increased vastus lateralis EMG amplitudes during Post-1.  Subjects adopted a more 
conservative strategy when jumping backwards, which may indicate the importance of 
practicing jump landings in multiple directions. 
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Figures and Tables 
 
 
 
 
Figure 1: Breg Ultra FullCourt ankle brace 
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Table 1: Maximum EMG amplitudes for gluteus maximus, vastus lateralus, and biceps 
femoris as a function of fatigue.  Means and standard deviations are presented with 
significant differences (p < 0.05) in bold.  Pre-Landing is 0-100 ms prior to landing, Post-1 is 
0-100 ms after landing, Post-2 is 100-200 ms after landing, and Post-3 is 200-300 ms after 
landing. 
Muscle Condition 
Pre-Landing 
(%MVIC) 
Post-1 
(%MVIC) 
Post-2 
(%MVIC) 
Post-3 
(%MVIC) 
Gluteus Maximus Pre-Fatigue   38.3 ± 21.5 54.2 ± 24.0 45.9 ± 20.0   30.8 ± 13.7 
 
Fatigue   28.6 ± 17.4 45.3 ± 27.0 34.7 ± 16.2   24.0 ± 12.2 
Vastus Lateralis Pre-Fatigue   43.4 ± 20.0 83.0 ± 27.6 84.6 ± 25.9   49.9 ± 19.8 
 
Fatigue   40.4 ± 18.3 86.3 ± 27.9 84.8 ± 35.1   47.0 ± 23.5 
Biceps Femoris Pre-Fatigue 20.8 ± 8.8 32.7 ± 13.9 32.4 ± 17.6 24.5 ± 9.2 
 
Fatigue 19.6 ± 9.9 32.9 ± 16.9 22.9 ± 16.8 22.9 ± 6.7 
 
 
 
 
 
 
 
 
 
 
Figure 2: Maximum EMG amplitudes and standard deviations for gluteus maximus as a 
function of fatigue.  * indicates a statistically significant difference (p < 0.05).  Pre-Landing 
is 0-100 ms prior to landing, Post-1 is 0-100 ms after landing, Post-2 is 100-200 ms after 
landing, and Post-3 is 200-300 ms after landing.  
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Table 2: Maximum EMG amplitudes for gluteus maximus, vastus lateralus, and biceps 
femoris as a function of jump landing directions.  Means and standard deviations are 
presented with significant differences (p < 0.05) in bold.  Pre-Landing is 0-100 ms prior to 
landing, Post-1 is 0-100 ms after landing, Post-2 is 100-200 ms after landing, and Post-3 is 
200-300 ms after landing. 
Muscle Condition 
Pre-Landing 
(%MVIC) 
Post-1 
(%MVIC) 
Post-2 
(%MVIC) 
Post-3 
(%MVIC) 
Gluteus Maximus Forward Jump   32.2 ± 18.5 49.9 ± 23.0 41.3 ± 20.1   27.6 ± 13.0 
  Backward Jump   34.8 ± 21.6 49.6 ± 28.6 39.4 ± 18.0   27.2 ± 13.9 
Vastus Lateralis Forward Jump   35.3 ± 15.2 91.3 ± 29.4 86.8 ± 34.6   49.4 ± 23.4 
  Backward Jump   48.5 ± 20.4 78.0 ± 24.4 82.6 ± 26.4   47.5 ± 19.9 
Biceps Femoris Forward Jump 21.2 ± 9.7 30.2 ± 14.0 31.7 ± 18.7 23.4 ± 9.6 
  Backward Jump 19.2 ± 9.0 35.4 ± 16.4 32.0 ± 15.6 24.0 ± 9.3 
 
 
 
 
 
 
 
Figure 3: Maximum EMG amplitudes and standard deviations for vastus lateralis as a 
function of jump landing direction.  * indicates a statistically significant difference (p < 
0.05).  Pre-Landing is 0-100 ms prior to landing, Post-1 is 0-100 ms after landing, Post-2 is 
100-200 ms after landing, and Post-3 is 200-300 ms after landing.  
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CHAPTER 4: HABITUAL ANKLE BRACING AND DIRECTIONAL JUMP 
LANDING KINETICS AT THE KNEE AND AT THE HIP 
 
Abstract  
Background:  Ankle bracing is used to prevent ankle sprain, one of the most common 
injuries in sports. Ankle sprain and anterior cruciate ligament (ACL) tear share jump landings 
as a common mechanism of injury. The purpose of this study was to investigate whether long 
term brace wear alters joint moments and joint moment impulses at the knee and hip during 
jump landing. 
Methods:  Twenty healthy adult female volleyball players (10 habitual bracers, 10 non-
bracers) agreed to participate in the study.  Participants performed forward and backward 
jumps at a 45° angle to the force platforms in both braced and unbraced conditions.  The 
following equipment was used to collect data: Ultra-Zoom ankle braces, 2 force platforms, 
and an 8 camera motion analysis system.  Joint moments were calculated using inverse 
dynamics, and impulses were the area under the positive portion of the moment curve.  
Findings: Habitual bracers demonstrated higher hip extension moments and hip extension 
moment impulses than non-bracers. No main effect of brace was found. Hip abduction 
moments and moment impulses, and knee extension moments and moment impulses were 
greater in the forward jump.  
Interpretation: It is unclear whether the larger hip extension moments and moment impulses 
demonstrated by habitual bracers is due to long term brace wear or training. Higher knee 
extensor and hip abductor moments and moment impulses during the forward jump were 
consistent with a higher jump height. Strengthening hip extensor muscles and incorporating 
backward jumps into training are practical implications for volleyball players.  
 
Introduction 
Ankle braces are widely used to prevent ankle sprain (Cordova and Ingersoll, 2003; 
DiStefano et al., 2008; Gross and Liu, 2003; Olmsted-Kramer and Hertel, 2004; Pedowitz et 
al., 2008). Olmstead et al. (2004) found that bracing more effectively prevents the second 
ankle sprain rather than the first. Researchers have started to investigate concerns about long 
term adaptations to the braces (Gribble et al., 2006; Cordova and Ingersoll, 2003; Midgley et 
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al., 2007). Their findings indicated that the peroneus longus reflex was not slowed by 
application of the braces for the duration of their studies.  However, these studies did not 
address the proximal musculature of the lower extremity.  There have only been a few studies 
that have looked at the effect of ankle braces at the knee or at the hip (Venesky et al., 2006; 
Santos et al., 2004; Riemann et al., 2002; Hopper et al., 1999; DiStefano et al., 2008; 
Cordova et al., 2010). Of the studies examining long term adaptations to brace wear, the 
longest intervention duration was one volleyball season (Midgley et al., 2007). This may not 
be long enough to see neuromuscular adaptations and changes in landing mechanics due to 
years of training with ankle braces. With reduced movement at the ankle, it can be reasoned 
that habitual bracers become more adept at using their knee and hip musculature to adjust to 
different jump landing situations. To that end, this study attempts to compare habitual bracers 
to non- bracers. 
Ankle bracing is designed to limit mediolateral motion at the ankle in order to prevent 
inversion ankle sprain.  Motion in the frontal plane happens primarily at the subtalar joint 
between the talus and the calcaneus. When the foot pronates, a combination of calcaneal 
eversion and ankle dorsiflexion, the tibia internally rotates.  The tibia externally rotates as the 
calcaneus inverts and the ankle plantarflexes (Franci et al., 2009; Safran et al., 1999; Whiting 
and Zernike, 2008). This pronation is a key to shock absorption during initial contact with the 
ground (Kirby et al., 2000).  Zhang et al. (2000) found that during jump landings the ankle 
plantarflexors contributed more to shock absorption during stiff landings than during soft 
landings. Additionally, the knee extensors contributed consistently to energy dissipation 
while the hip extensors contributed more during soft landings and as jump height increased.  
For all conditions, the knee had the largest values for eccentric work, followed by the hip and 
then the ankle.  When comparing vertical ground reaction forces (VGRF) between braced 
and unbraced conditions, no differences were found in peak VGRF (Hopper et al., 1999; 
Riemann et al., 2002; DiStefano et al., 2008; Cordova et al., 2010), although shorter times to 
peak VGRF were observed in two of these studies (Riemann et al., 2002; Cordova et al., 
2010 ). Shorter times to peak VGRF in the ankle braced conditions may indicate a lack of 
ability to absorb shock due to lack of pronation at the subtalar joint. This would likely lead to 
increased joint moment impulses, not only at the ankle, but further up the kinetic chain.  
48 
 
Further investigation into moment impulses in the more proximal lower extremity joints 
when the ankle is braced appears warranted.  
In addition to the biomechanical connection of the ankle and knee, they also share a 
mechanism of injury. Jump landings are one of the most common mechanisms of lateral 
ankle sprain (Garrick, 1977; Safran et al., 1999a) and of non-contact anterior cruciate 
ligament (ACL) injury at the knee (Webster and Gribble, 2010; Griffin et al., 2000; Borotikar 
et al., 2008; Thomas et al., 2011; Hewett et al., 2005a; Hewett et al., 2005b). For this reason, 
many studies that investigate the knee and/or ankle use drop jump landings as the movement 
of interest. Cutting maneuvers are also commonly used for the same reason (Boden et al., 
2000; Safran et al., 1999a; Garrick, 1977; Griffin et al., 2000). Hara et al. (2008) tested 
forward and backward jumps using arm swing in the same or opposite direction, but did not 
compare the forward jump to the backward jump. Based on the graphs presented, hip 
extension moments were slightly larger in the forward jump, knee extension moments were 
slightly larger in the backward jump, and ankle plantar flexion moments were slightly larger 
in the forward jump. Based on the graphs, it is not clear whether these numbers would be 
statistically different.  These data were measured at the beginning of the jump/take off.  Pilot 
research (Stafford and Gillette, 2011) analyzed landings from forward and backward jumping 
at a 45º angle to the force platform.  Peak hip abduction moments and hip extension moments 
were larger for the forward jump. This was consistent with higher jump heights with than the 
backward jump. Increased external knee varus and valgus moments in the backward jump 
may indicate decreased familiarity and perhaps less effective muscular stabilization of the 
knee joint.  
The purpose of the current study was to compare volleyball players who habitually 
wear ankle braces to those who do not.  The variables of interest were knee and hip joint 
moments and moment impulses. It was hypothesized that 1) peak knee extension and hip 
extension moments would be increased for habitual bracers vs. non-bracers, 2) external knee 
varus moment impulses would be increased in the braced condition as compared to unbraced, 
and 3) peak hip extension and hip abduction moments would be increased during forward 
jumps as compared to backward jumps. 
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Methods 
Twenty women participated in the study. Ten of the women were players on a 
Division I volleyball team and wore ankle braces as recommended by their coach for all 
practices and games. They comprised the “habitual brace” group.  The second group of ten 
participants were members of a recreational volleyball club who did not brace their ankles 
and served as the “non-brace” group. Informed consent was obtained as approved by the 
Iowa State University Institutional Review Board. After consent was obtained, a 
questionnaire asking participants about their medical history, years of play, brace wearing 
habits, and lower extremity injury history was completed. All athletes were free of lower 
extremity injury that hindered their full participation in volleyball. 
Strength testing of the knee extensors was completed using a hand held dynamometer 
(Lafayette Instrument Company, Lafayette, IN). Participants sat in an upright position with 
hips and knees flexed to approximately 90º.  Three trials of a maximal voluntary isometric 
contraction were performed with the researcher braced against the wall and holding the 
dynamometer against the distal portion of the participant’s anterior tibia. 
Retroreflective markers were placed on the bilateral lower extremities: heels, medial 
and lateral malleoli, fifth metatarsal heads, great toes, anterior shins, medial and lateral knee 
joint lines, anterior thighs, and greater trochanters.  Pelvic markers included anterior superior 
iliac spines (ASIS), posterior superior iliac spines (PSIS), and sacrum.  Trunk markers 
included acromion processes and cervicale. An initial static trial was then captured in 
anatomical position. The medial malleoli, medial knee joint line, PSIS, and heel markers 
were then removed so as not to restrict or be obscured during movement.  Removed markers 
were recreated during the jump landing tasks using transformations determined from the 
static standing trials.  Ground reaction forces were collected at 1600 Hz using two in-ground 
force platforms (AMTI, Watertown, MA), and markers were tracked at 160 Hz using an eight 
camera Vicon Nexus motion analysis system (Vicon, Centennial, CO).  Noise was reduced 
using a fourth order, low pass, symmetric Butterworth filter at a cut off frequency of 10 Hz 
for video data and for force platform data.  
Jump landing was defined as occurring during the first 300 ms after the VGRF 
exceeded 5% body weight during landing impact.  All calculations were performed using a 
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custom program written in Matlab (The Mathworks Inc., Natick, MA).  Lower extremity 
masses, center of mass positions, and moments of inertia were individually estimated using 
relationships defined by de Leva (1996).  Ankle and knee joint centers were defined as the 
midpoint between the medial and lateral malleoli and the knee joint line markers, 
respectively.  Hip joint centers were determined as 25% of the length between the greater 
trochanter markers. Peak internal knee extension, hip extension, hip abduction, and external 
knee varus/valgus moments were calculated during the jump landing using inverse dynamics, 
transformed to the distal segment coordinate system, and normalized by body mass.  Joint 
moment impulses were calculated as the area underneath the joint moment by time curve and 
separated by direction (for example, separate knee varus and valgus impulses). Ankle joint 
moments and moment impulses were not included because their meaning would be unclear 
during bracing. 
Participants performed 3 trials of a straight vertical jump with countermovement as 
well as forward and backward jumping tasks. For the vertical jumps, the position of the 
sacral marker was tracked. The three trials were averaged as a measure of maximal jump 
height.  Jump height during the movement of interest was calculated by subtracting the 
standing sacral marker height during the static capture from the peak sacral marker height 
during the trials. Starting position for the forward and backward jumps was standardized by 
measuring the subject’s leg length from the greater trochanter to the floor and using that 
distance from the center of the force plate to mark the starting line.  The forward and 
backward jumping tasks were initiated with a two foot take-off, and landings were completed 
on one foot.  Three trials for each of four jump landing tasks were performed: 1) forward at 
45º onto the right leg, 2) forward at 45º onto the left leg, 3) backward at 45º onto the right 
leg, and 4) backward at 45º onto the left leg.  Subjects were encouraged to jump as high as 
possible for each jump “as if they were going for a ball.”  Subjects performed the forward 
and backwards jumps in both the braced and the unbraced conditions. The braces used in this 
study were Ultra Zoom ankle braces (Indianapolis, IN), which are worn by this institution’s 
volleyball team. Subjects on the team provided their own braces of this type. For the 
participants from the volleyball club, the researchers provided the braces. All subjects wore 
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their own volleyball shoes.  The order of the braced versus unbraced conditions, forward 
versus backwards jump, and right foot or left foot landing were all counterbalanced. 
Between group differences in subject characteristics, strength measurements, and 
vertical jump height were compared using Student’s t-tests. Strength measurements, peak 
joint moments, and joint moment impulses were collapsed across limb.  Multivariate 
ANOVA was performed to test for main effects of group (habitual bracers vs. non-bracers), 
jump direction (forward vs. backward) and brace (braced vs. unbraced) as well as meaningful 
interactions (SPSS, Chicago, IL). Separate multivariate ANOVAs were performed on peak 
joint moments and joint moment impulses (internal knee extension, hip extension, and hip 
abduction; external knee varus and knee valgus).  Where main effects were found, univariate 
ANOVA was used to determine statistical significance.  A Bonferroni correction of 5 
(number of grouped dependent variables) was applied to set a significance level of p < 
(0.05/5) = 0.01.  
 
Results 
The two groups were not different in age or mass. However, the habitual bracers had 
significantly greater height, knee extensor strength, vertical jump height, and hours of 
volleyball (VB) play per week (Table 1). These differences are expected because in order to 
be recruited, or selected to play on an NCAA division I team, one must demonstrate a certain 
skill level, which in turn requires a certain level of strength and athleticism. Furthermore, 
volleyball is selective for height at the more elite levels. Hours of play per week would also 
be expected to differ. The habitual bracers averaged 3  1 years of brace wear. 
 
Effect of Group: Peak joint moments (p < 0.001) and joint moment impulses (p < 0.001) 
were dependent upon group (Table 2). Peak hip extension moments were significantly higher 
for the habitual bracers than non-bracers (Figure 1A, p < 0.001, 2 = 0.306). In addition, hip 
extension moment impulses were significantly higher for the habitual bracers than non-
bracers (Figure 1B, p < 0.001, 2 = 0.367). 
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Effect of Brace: Peak joint moments (p = 0.215) and joint moment impulses (p = 0.154) 
were not dependent upon bracing.  
 
Effect of Jump: Peak joint moments (p < 0.001) and joint moment impulses (p < 0.001) were 
dependent upon jump direction (Table 2). Peak knee extension moments were larger in the 
forward jumps than in the backward jumps (Figure 2A, p < 0.0010, 2 = .306). In addition, 
peak hip abduction moments were larger in the forward jumps (Figure 2A, p = 0.008, 2 = 
.094). Knee extension impulses (p < 0.001, 2 = 0.272) and hip abduction impulses (p = 
0.001, 2 0.134) were greater in the forward jumps than in the backward jumps (Figure 2B).  
Participants jumped higher in the forward direction than in the backward direction averaging 
0 .25 ± 0.07m in the forward direction and 0.15 ± 0.05m in the backward direction.  
 
Interactions: No significant interactions were found between group, bracing, and jump 
direction (p = 0.144 and higher). 
 
Discussion 
The purpose of the current study was to compare volleyball players who habitually 
wear ankle braces to those who do not.  It was hypothesized that 1) peak knee extension and 
hip extension moments would be increased for habitual bracers vs. non-bracers, 2) external 
knee varus moment impulses would be increased in the braced condition as compared to 
unbraced, and 3) peak hip extension and hip abduction moments would be increased during 
forward jumps as compared to backward jumps. 
 The first hypothesis that peak knee extension and hip extension moments would be 
increased for habitual bracers was partially supported by the data. Peak hip extension 
moments and hip extension moment impulses were significantly greater for the members of 
the habitual brace group than for non-bracers. This may indicate that habitual bracers have 
adapted their movement pattern to use the hip extensors, rather than pronation through the 
foot or increased use of knee extensors, to manage shock absorption. This may also be due to 
strength training and/or specific training in jump landings. The habitual brace group in our 
study had a significantly higher vertical jump height, and they spent more time playing 
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volleyball per week, which suggests increased practice with jumping. Zhang et al. (2002) 
found that there was a proximal shift from ankle strategy to hip strategy as jump height 
increased, and that the hip extensors contributed more during soft landings. Therefore, we 
cannot conclude that the difference between the groups was strictly due to habitual brace 
wear. Further investigation in a randomized controlled trial design with a group of habitual 
bracers and non-bracers of equal jumping ability and amount of practice would be the only 
way to confidently attempt to answer the causality question. 
 The second hypothesis that external knee varus moment impulses would be increased 
with bracing was not supported by the data as there were no significant effects of bracing. In 
fact, external knee varus moments were slightly decreased when wearing a brace (0.07  0.05 
Nms/kg vs. 0.10  0.05 Nms/kg), which could indicate some protection for the knee joint in 
the frontal plane. This might seem to be in contrast to previous findings of shorter times to 
peak VGRF with bracing (Riemann et al., 2002; Cordova et al., 2010). However, it is not a 
direct comparison, since VGRF is an overall body acceleration measure, while moment 
impulse is a joint specific velocity measure. The lack of changes in moment impulses may 
also be due to differences in the braces that were used in the studies. Cordova et al. (2010) 
used a semi-rigid brace (much like the Breg), and Riemann et al. (2002) used an Airsport 
semi-rigid brace. The Ultra Zoom (Figure 3) is more pliable and lower profile than the Breg 
Ultra Full Court brace that this research group used previously, as well as the semi-rigid 
braces used in the above mentioned studies. The Ultra Zoom is a new style of brace, and 
studies may not have been conducted to directly compare it to other braces.  
 The third hypothesis that peak hip extension and hip abduction moments would be 
increased during forward jumps was partially supported. Peak hip abduction moments and 
moment impulses were significantly increased with forward jumps as compared to backward 
jumps. In addition, the forward jump elicited significantly greater peak knee extension 
moments and moment impulses. One fundamental difference between these jumps was that 
the knee flexion angle was much greater in the backward jumps (36.5  6.6) than in the 
forward jumps (22.0  4.1). The peak knee extension moments, knee extension moment 
impulses, knee flexion angles and greater jump heights taken together indicate a more 
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aggressive and forceful jump in the forward direction and a more tentative and crouched 
jump in the backward direction.  
The current study has several limitations. Firstly, the women’s volleyball team from 
this institution was used as the “habitual brace” group because the coaches recommend 
bracing. Most of these players wore braces while playing in high school as well. Every 
attempt was made to recruit a “non-brace” group with a similar skill set (volleyball), level of 
athleticism, level of strength, and similar years of play.  Thus, the comparison group in this 
study consisted of members of this institution’s women’s volleyball club who did not use 
ankle braces. The club members are skilled players who played volleyball in high school, but 
the two groups were different in the areas of height, knee extension strength, vertical jump 
height, and hours of volleyball per week. Jump height has been correlated with and used in 
equations to predict peak power, and is thus one indicator of athleticism (Canavan et al., 
2004). NCAA athletes spend approximately fifteen hours per week in practice, work with 
strength and conditioning coaches, and height is an advantage for selection to the team. A 
second limitation of the current study was the fact that participants did not hit or touch a 
target when they jumped. Subjects were instructed to jump up “as if they were going for a 
ball,” but Cowling and Steele (2001) demonstrated that activation of muscles and movement 
strategies were task dependent. Thus, the muscle recruitment and execution seen in this study 
might be different than what one would see in an actual volleyball game. A third limitation 
was that inverse dynamics were used to calculate net joint moments in order to quantify joint 
loading in the frontal and sagittal planes. While this is one of the most common methods 
utilized, joint moments are a net calculation and do not account for co-contraction.  
Electromyography can be used to quantify co-contraction of the quadriceps and hamstrings, 
which is critical for knee stability. 
 
Conclusions 
Several inferences can be made based on the results of this study.  Habitual brace 
wearers demonstrated increased hip extension moments and moment impulses as compared 
to non-bracers. This suggests that the habitual bracers used their hip extensor musculature to 
control jump landings more than the non-bracers. The habitual bracers engage in plyometric 
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exercises and training in jump landings which emphasize utilizing hamstrings and gluteal 
muscles for power generation and absorption. An area for future research would be whether 
differences in jump landing kinetics are due to altered neuromuscular recruitment patterns 
stemming from habitual bracing, strength changes from training, or both. The forward jumps 
appeared to be performed in a more forceful manner than the backward jumps. Training with 
backward jumps may reduce potential uncertainly with this movement and improve a 
player’s ability to use their thigh musculature to stabilize the knee during an open game 
playing situation. Lastly, the brace itself did not appear to change proximal joint moments or 
moment impulses for the movements tested. Future studies involving more challenging jump 
landings and less predictable game situations would further test the capability of the brace to 
protect the ankle without placing the hip and knee joint at increased risk of injury. 
 
  
56 
 
Figures and Tables 
 
       A             B 
Figure 1: Mean and standard deviations for (A) peak hip extension moments and (B) hip 
extension moment impulses as a function of group. 
 
 
 
 
 
    Table 1: Subject Characteristics. Average values are shown with standard deviations.  
     * denotes significant differences (p < 0.05). 
  
Habitual Bracer 
(N=10) 
Non-Bracer 
(N=10) 
P-Value 
Age (yr) 19  1 20  2 0.29 
Mass (kg) 74.3  11.0 69.3  11.4 0.32 
Height (m) 1.80  0.08 1.70  0.05 <0.01* 
Knee Extensor Strength (N) 312  55 260  36 <0.01* 
Hours of VB/week 14.50  4.43 3.82  1.60 <0.01* 
Vertical Jump Height (m) 0.442  0.030 0.399  0.028 <0.01* 
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     A                                                                     B 
                   
Figure 2: Mean and standard deviations for (A) peak knee extension and hip abduction 
moments and (B) knee extension and hip abduction moment impulses as a function of jump 
direction. 
 
 
 
 
 
Figure 3: Ultra Zoom Brace 
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Table 2: Peak knee and hip joint moments and joint moment impulses as a function of jump and group. Means and standard 
deviations are reported. 
Group Jump 
Knee 
Extension 
Moment 
(Nm/kg) 
Knee 
Varus 
Moment 
(Nm/kg) 
Knee 
Valgus 
Moment 
(Nm/kg) 
Hip 
Extension 
Moment 
(Nm/kg) 
Hip 
Abduction 
Moment 
(Nm/kg) 
Knee 
Extension 
Impulse 
(Nms/kg) 
Knee 
Varus 
Impulse 
(Nms/kg) 
Knee 
Valgus 
Impulse 
(Nms/kg) 
Hip 
Extension 
Impulse 
(Nms/kg) 
Hip 
Abduction 
Impulse 
(Nms/kg) 
Non- 
Bracer 
Backward 2.810.54 0.540.27 0.200.12 1.600.42 1.620.24 0.480.11 0.080.05 0.020.02 0.270.09 0.310.05 
Forward 3.220.47 0.510.33 0.170.14 1.610.46 1.710.26 0.530.08 0.080.06 0.010.01 0.260.10 0.330.05 
Habitual 
Bracer 
Backward 2.580.39 0.520.22 0.180.08 2.160.43 1.460.24 0.440.08 0.080.04 0.010.01 0.390.10 0.270.05 
Forward 3.370.44 0.510.18 0.160.08 2.310.34 1.690.28 0.610.10 0.090.04 0.010.01 0.410.09 0.330.06 
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CHAPTER 5: GENERAL CONCLUSIONS 
The purpose of this dissertation was to investigate changes in loading and 
neuromuscular activation at the knee and at the hip when the ankle is braced. Prophylactic 
ankle bracing is common practice for many sports (Miller and Hergenroeder 1990).  Fatigue 
was added as a factor for the first two studies, because it is a known risk factor for both ankle 
sprain, (Shaw et al., 2008; Yaggie and McGregor, 2002) and anterior cruciate ligament 
(ACL) tear at the knee (Griffin et al., 2000; McLean et al., 2007).  The third study addressed 
the question, does long term prophylactic ankle bracing change loading at the knee and hip?   
Previous research has examined the effects of ankle bracing to determine efficacy at 
preventing ankle sprain (Olmsted-Kramer and Hertel, 2004; Miller and Hergenroeder, 1990; 
Gross and Liu, 2003), the mechanism by which the braces might prevent ankle sprain (Zinder 
et al., 2009; You et al., 2004; Gribble et al., 2006; Shaw et al., 2008), and the effects of ankle 
bracing on neuromuscular control of the lower leg (Shima et al., 2005; Kernozek et al., 2008; 
Gribble et al., 2006). Limited research has investigated the effect of ankle bracing on the 
loading at the knee and at the hip (Hopper et al., 1999; Riemann et al., 2002; DiStefano et al., 
2008; Venesky et al., 2006; Cordova et al., 2010).  The first project investigated whether 
semi-rigid ankle braces alter loading at the knee and at the hip. Joint moments and joint 
moment loading rates were calculated during forward and backward jumps performed at 
approximately a 45° angle to the force platform.  This jump movement is different than, and 
intended to be a combination of, the traditional drop jump and the cutting maneuvers 
frequently used to study lower extremity loading.  The reason these movements are so 
common is because they are common mechanisms of injury for both lateral ankle sprain 
(Garrick, 1977), and for non-contact anterior cruciate ligament (ACL) tear in the knee 
(Griffin et al., 2000)  This study employed a functional fatigue protocol designed to fatigue 
the lower extremity muscles, and to quickly simulate end of game overall fatigue. Its purpose 
was to elicit changes in lower extremity loading due to the brace that may have been 
compensated for by the musculature of the thigh.  No main effect of fatigue was found. Peak 
knee extension and knee varus loading rates were significantly higher in the braced condition 
than in the unbraced condition.  The forward versus backward jumps also elicited several 
differences including increased hip extension and hip abduction moments as well as hip 
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abduction and hip extension loading rates during the forward jump.  External knee varus and 
valgus moments were higher in the backward jump.  The higher knee extension, hip 
abduction and hip extension moments, as well as the greater jump height, in the forward 
jump indicate a more forceful jump.  The increased external knee varus and valgus moments 
during the backwards jump may indicate that participants were less able to stabilize the joint 
actively with the thigh muscles and thus were relying more on the passive structures of the 
knee, which would be concerning for ligament injury.   
  The second study was designed to explore differences in the activity of the vastus 
lateralis , biceps femoris, and gluteus maximus, as a result of ankle bracing and fatigue, using 
electromyography. The dependent variable was percent of maximal voluntary isometric 
contraction (MVIC). The same forward and backward jumps were used in this study, along 
with the same functional fatigue protocol and brace. Four specific time points were measured 
each 100 milliseconds in duration. Landing preparation was 0-100ms immediately preceding 
landing. Stabilization period 1 (post-1) was the first 0- 100ms after landing. Stabilization 2 
(Post-2) was 100ms-200ms after landing, and stabilization 3 (Post-3) was 200ms-300ms after 
landing.  No effect of brace was observed.  Gluteus maximus did show an effect of fatigue 
during pre-landing, post-2, and post-3.  The effect of fatigue was not significant in the first 
time period after landing.  Jump direction also significantly impacted muscle activation. The 
vastus lateralis demonstrated increased activation pre-landing and lower activation in the first 
post landing time period during the backward jump.  Decreased activity of the gluteus 
maximus in pre-landing, post-2, and post-3 after fatigue may indicate a need to train those 
muscles more intentionally.  While post-1 showed the same trend the numbers may not have 
been significantly different because the task of landing demanded at least 40% of MVIC.   
The difference in vastus lateralis activity between the forward and backward jump may once 
again indicate that participants were less familiar with it. It would appear that they were 
increasing activity in anticipation of the unfamiliar jump, and then not needing as much force 
after the jump, because they did not jump as high.  
Based on the results of the first two projects, the brace appears to affect joint 
moments and loading rates, but not EMG. The direction of jump is clearly significant and 
presents a consistent picture of what would appear to be a more forceful jump in the forward 
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direction and a more tentative jump in the backwards direction.  Based on these findings one 
might recommend that athletes practice both forward and backward jumps so that they are 
not more at risk for knee injury when performing a backwards jump during a game. Fatigue 
had an effect on the activation of gluteal muscles which may indicate a need to train those 
muscles in order to prevent injury.  As far as brace wear, the results are mixed, but as 
mentioned earlier knee greater varus loading rates in the braced condition are of concern for 
the development of knee osteoarthritis. Increased knee extension loading rates may indicate a 
proximal shift of shock absorption from using pronation of the foot to using the knee 
extensors.  
The third study was designed to assess the effects of long term bracing on joint 
loading at the knee and at the hip. While the movements tested remained the same, joint 
moment impulses were examined instead of loading rates as the time that subjects spent at 
the peak joint moment seemed to have more physiological meaning than the loading rates for 
this data set. There was a main effect of group with the habitual bracers demonstrating higher 
hip extension moments and hip extension moment impulses than non-bracers. It is unclear 
whether this is due to adaptation to the brace, or increased training in using the gluteal 
muscles and hamstrings during jump landings. There were no significant effects of brace. 
However, knee varus moment impulse was nearly significant for brace, and would have been 
higher in the braced versus the unbraced condition.  The difference between the forward and 
backward jumps was once again evident. Knee extension moment and hip abduction moment 
were larger in the forward versus backward jump. Hip abduction moment impulse and knee 
extension moment impulse were also greater in the forward condition than in the backward 
condition. Knee flexion angle was greater in the backward condition. The pattern of 
difference between the jumps remains consistent and lends support to the findings of the first 
two studies that the forward jump appears to be more forceful, and better controlled by the 
musculature than the backward jump.   
 When considered as a whole, the findings of these three studies suggest that jump 
direction and bracing both warrant further research.  In the short term, it would be interesting 
to correlate the findings of the third study with EMG findings. It would also be interesting to 
compare the Ultra-Zoom brace to the Breg Ultra-Full Court to determine whether the braces 
65 
 
 
have different effects on joint moment, or loading impulse.   In the long term improved 
matching of the comparison group and habitual brace group would allow us to better 
determine whether the increased hip extension moment and hip extension moment impulse 
observed in the habitual bracers as compared to non-bracers is the result of adaptation to the 
brace or differences in training and strength.  
 The clinical message from this research is that prophylactic ankle bracing does not 
appear to put the knee more at risk for injury. Jump direction is clearly significant, and these 
findings would indicate that multidirectional jump training would be beneficial, and perhaps 
help to prevent injury.  
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7 
Joint Moments (Means and Standard Deviations) 
Jump                    Brace Fatigue 
 
Knee Extension 
Moment  
  
 
Hip Extension 
Moment  
  
Knee Varus  Moment  
  
Knee Valgus  
Moment  
 
Hip Abduction 
Moment 
                                         
Back  
Brace 
post 1.85 ± 0.46 1.76 ± 0.67 0.54 ± 0.26 0.59 ± 0.21 1.79 ± 0.29 
pre 1.64 ± 0.37 1.8 ± 0.51 0.56 ± 0.25 0.49 ± 0.16 1.69 ± 0.29 
Total 1.74 ± 0.42 1.78 ± 0.53 0.55 ± 0.25 0.54 ± 0.19 1.74 ± 0.29 
Unbrace 
post 1.54 ± 0.26 1.75 ± 0.53 0.5 ± 0.16 0.46 ± 0.10 1.49 ± 0.25 
pre 1.61 ± 0.28 1.82 ± 0.47 0.61 ± 0.21 0.42 ± 0.14 1.72 ± 0.41 
Total 1.57 ± 0.26 1.78 ± 0.49 0.55 ± 0.19 0.44 ± 0.12 1.61 ± 0.35 
Total 
post 1.7 ± 0.39 1.76 ± 0.59 0.52 ± 0.21 0.53 ± 0.17 1.64 ± 0.30 
pre 1.62 ± 0.32 1.81 ± 0.48 0.59 ± 0.22 0.46 ± 0.15 1.71 ± 0.34 
Total 1.66 ± 0.36 1.78 ± 0.53 0.55 ± 0.22 0.49 ± 0.17 1.67 ± 0.32 
Forward 
Brace 
post 1.79 ± 0.32 2.49 ± 0.84 0.41 ± 0.19 0.44 ± 0.14 2.51 ± 0.43 
pre 1.75 ± 0.4 2.33 ± 0.79 0.41 ± 0.19 0.40 ± 0.31 2.60 ± 0.50 
Total 1.77 ± 0.35 2.41 ± 0.8 0.41 ± 0.19 0.42 ± 0.23 2.55 ± 0.45 
Unbrace 
post 1.57 ± 0.41 2.47 ± 0.82 0.42 ± 0.14 0.39 ± 0.20 2.50 ± 0.39 
pre 1.75 ± 0.4 2.22 ± 0.76 0.44 ± 0.22 0.35 ± 0.17 2.58 ± 0.36 
Total 1.66 ± 0.4 2.34 ± 0.78 0.43 ± 0.18 0.37 ± 0.18 2.54 ± 0.36 
Total 
post 1.68 ± 0.37 2.48 ± 0.81 0.41 ± 0.17 0.41 ± 0.17 2.51 ± 0.40 
pre 1.75 ± 0.39 2.27 ± 0.75 0.43 ± 0.2 0.38 ± 0.24 2.59 ± 0.42 
Total 1.71 ± 0.38 2.38 ± 0.78 0.42 ± 0.18 0.39 ± 0.21 2.55 ± 0.41 
Total 
Brace 
post 1.82 ± 0.39 2.13 ± 0.83 0.48 ± 0.23 0.51 ± 0.19 2.15 ± 0.51 
pre 1.69 ± 0.38 2.07 ± 0.7 0.49 ± 0.23 0.44 ± 0.24 2.14 ± 0.61 
Total 1.75 ± 0.38 2.1 ± 0.76 0.48 ± 0.23 0.48 ± 0.22 2.15 ± 0.56 
Unbrace 
post 1.56 ± 0.33 2.11 ± 0.77 0.46 ± 0.15 0.42 ± 0.16 2.00 ± 0.61 
pre 1.68 ± 0.34 2.02 ± 0.65 0.53 ± 0.22 0.39 ± 0.16 2.15 ± 0.57 
Total 1.62 ± 0.34 2.06 ± 0.7 0.49 ± 0.19 0.41 ± 0.16 2.07 ± 0.59 
Total 
post 1.69 ± 0.38 2.12 ± 0.79 0.47 ± 0.2 0.47 ± 0.18 2.07 ± 0.56 
pre 1.69 ± 0.36 2.04 ± 0.67 0.51 ± 0.22 0.42 ± 0.20 2.15 ± 0.59 
Total 1.69 ± 0.37 2.08 ± 0.73 0.49 ± 0.21 0.44 ± 0.19 2.11 ± 0.57 
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6
8 
Loading Rates (Means and Standard Deviations)  
Jump Brace Fatigue 
Knee Extension 
Loading Rate  
Hip Extension Loading 
Rate  
Knee Varus Loading 
Rate  
Knee Valgus Loading 
Rate  
Hip Abduction 
Loading Rate  
Back 
Brace 
post 63.85 ± 16.39 152.23 ± 42.18 36.00 ± 19.93 42.25 ± 15.73 54.02 ± 11.17 
pre 53.77 ± 16.12 133.13 ± 39.13 30.02 ± 11.40 27.64 ± 15.34 49.73 ± 12.82 
Total 58.81 ± 16.65 142.68 ± 40.79 33.01 ± 16.10 34.95 ± 16.88 51.88 ± 11.91 
Unbrace 
post 51.05 ± 12.07 123.88 ± 30.85 25.69 ± 7.05 30.94 ± 9.44 46.20 ± 11.03 
pre 52.54 ± 15.37 118.27 ± 36.16 28.41 ± 10.15 28.82 ± 9.70 49.56 ± 23.05 
Total 51.80 ± 13.47 121.08 ± 32.84 27.05 ± 8.62 29.88 ± 9.38 47.88 ± 17.67 
Total 
post 57.45 ± 15.47 138.06 ± 38.80 30.84 ± 15.48 36.60 ± 13.90 50.11 ± 11.52 
pre 53.16 ± 15.34 125.70 ± 37.46 29.21 ± 10.54 28.23 ± 12.50 49.65 ± 18.15 
Total 55.30 ± 15.36 131.88 ± 38.16 30.03 ± 13.10 32.41 ± 13.72 49.88 ± 15.01 
Forward 
Brace 
post 89.90 ± 21.79 221.33 ± 82.66 36.05 ± 17.26 27.78 ± 17.23 104.44 ± 21.08 
pre 85.43 ± 36.01 194.44 ± 76.88 31.58 ± 14.13 27.44 ± 20.92 87.03 ± 20.35 
Total 87.66 ± 29.06 207.88 ± 78.91 33.81 ± 15.53 27.61 ± 18.65 95.74 ± 22.05 
Unbrace 
post 67.64 ± 22.12 190.00 ± 76.53 29.59 ± 5.44 32.17 ± 15.80 90.24 ± 14.72 
pre 67.31 ± 18.03 181.56 ± 44.46 25.10 ± 13.21 25.49 ± 12.00 95.53 ± 45.35 
Total 67.47 ± 19.64 185.78 ± 61.07 27.35 ± 10.10 28.83 ± 14.08 92.89 ± 32.93 
Total 
post 78.77 ± 24.23 205.66 ± 79.18 32.82 ± 12.89 29.97 ± 16.25 97.34 ± 19.13 
pre 76.37 ± 29.24 188.00 ± 61.48 28.34 ± 13.72 26.46 ± 16.63 91.28 ± 34.49 
Total 77.57 ± 26.53 196.83 ± 70.54 30.58 ± 13.34 28.22 ± 16.32 94.31 ± 27.70 
Total 
Brace 
post 76.87 ± 23.04 186.78 ± 73.05 36.02 ± 18.15 35.02 ± 17.69 79.23 ± 30.64 
pre 69.60 ± 31.64 163.79 ± 67.19 30.80 ± 12.52 27.54 ± 17.85 68.38 ± 25.30 
Total 73.24 ± 27.56 175.28 ± 70.24 33.41 ± 15.62 31.28 ± 17.95 73.81 ± 28.27 
Unbrace 
post 59.34 ± 19.32 156.94 ± 66.15 27.64 ± 6.44 31.55 ± 12.68 68.22 ± 25.89 
pre 59.93 ± 17.98 149.91 ± 51.09 26.76 ± 11.59 27.15 ± 10.76 72.55 ± 42.21 
Total 59.63 ± 18.42 153.43 ± 58.44 27.20 ± 9.27 29.35 ± 11.82 70.38 ± 34.64 
Total 
post 68.11 ± 22.79 171.86 ± 70.42 31.83 ± 14.10 33.28 ± 15.30 73.73 ± 28.55 
pre 64.76 ± 25.87 156.85 ± 59.33 28.78 ± 12.08 27.35 ± 14.55 70.46 ± 34.42 
Total 66.44 ± 24.28 164.35 ± 65.14 30.30 ± 13.14 30.32 ± 15.13 72.09 ± 31.46 
 
 
 
6
9 
Gluteus Maximus (Means and Standard Deviations) 
Muscle Fatigue Jump Brace  Pre-Landing   Post-Landing 1  Post-Landing 2  Post-Landing 3 
Gluteus 
Maximus 
Fatigue 
Backward 
braced 26.99 ± 14.03 47.65 ± 34.33 34.77 ± 16.94 24.98 ± 13.41 
unbraced 33.63 ± 25.47 42.34 ± 30.44 33.08 ± 16.27 22.23 ± 12.12 
Total 30.31 ± 20.30 45.00 ± 31.70 33.92 ± 16.19 23.60 ± 12.52 
Forward 
braced 26.77 ± 14.32 50.97 ± 25.69 36.35 ± 16.10 22.77 ± 13.75 
unbraced 27.12 ± 14.87 40.05 ± 17.45 34.62 ± 18.01 25.94 ± 11.07 
Total 26.95 ± 14.21 45.51 ± 22.09 35.48 ± 16.65 24.35 ± 12.26 
Total 
braced 26.88 ± 13.80 49.31 ± 29.56 35.56 ± 16.10 23.88 ± 13.27 
unbraced 30.38 ± 20.57 41.20 ± 24.18 33.85 ± 16.73 24.08 ± 11.45 
Total 28.63 ± 17.38 45.25 ± 26.97 34.70 ± 16.23 23.98 ± 12.24 
Prefatigue 
Backward 
braced 38.59 ± 22.25 58.44 ± 30.20 48.77 ± 22.50 33.69 ± 15.97 
unbraced 39.82 ± 23.91 49.79 ± 19.33 40.80 ± 13.31 27.86 ± 13.28 
Total 39.21 ± 22.49 54.12 ± 25.07 44.78 ± 18.45 30.78 ± 14.60 
Forward 
braced 37.03 ± 21.13 51.91 ± 20.43 48.35 ± 18.90 31.08 ± 13.97 
unbraced 37.93 ± 22.08 56.81 ± 27.33 45.86 ± 25.57 30.54 ± 13.10 
Total 37.48 ± 21.04 54.36 ± 23.62 47.11 ± 21.92 30.81 ± 13.18 
Total 
braced 37.81 ± 21.13 55.18 ± 25.31 48.56 ± 20.22 32.39 ± 14.66 
unbraced 38.87 ± 22.42 53.30 ± 23.32 43.33 ± 20.01 29.20 ± 12.91 
Total 38.34 ± 21.51 54.24 ± 24.04 45.94 ± 20.03 30.79 ± 13.73 
Total 
Backward 
braced 32.79 ± 19.05 53.05 ± 31.95 41.77 ± 20.67 29.34 ± 15.03 
unbraced 36.73 ± 24.25 46.07 ± 25.11 36.94 ± 15.00 25.04 ± 12.70 
Total 34.76 ± 21.62 49.56 ± 28.58 39.35 ± 17.99 27.19 ± 13.91 
Forward 
braced 31.90 ± 18.34 51.44 ± 22.59 42.35 ± 18.16 26.92 ± 14.15 
unbraced 32.52 ± 19.15 48.43 ± 23.92 40.24 ± 22.29 28.24 ± 12.04 
Total 32.21 ± 18.51 49.94 ± 23.01 41.29 ± 20.10 27.58 ± 12.98 
Total 
braced 32.35 ± 18.46 52.24 ± 27.33 42.06 ± 19.21 28.13 ± 14.46 
unbraced 34.62 ± 21.67 47.25 ± 24.23 38.59 ± 18.82 26.64 ± 12.32 
Total 33.49 ± 20.04 49.75 ± 25.78 40.32 ± 18.98 27.39 ± 13.37 
  
A
P
P
E
N
D
IX
 B
:  M
E
A
N
S
 A
N
D
 S
T
A
N
D
A
R
D
 D
E
V
IA
T
IO
N
S
 F
O
R
 
E
L
E
C
T
R
O
M
Y
O
G
R
A
P
H
IC
 C
H
A
N
G
E
S
 IN
 Q
U
A
D
R
IC
E
P
S
 H
A
M
S
T
R
IN
G
 A
N
D
 
G
L
U
T
E
A
L
 M
U
S
C
L
E
S
 A
S
 A
 R
E
S
U
L
T
 O
F
 A
N
K
L
E
 B
R
A
C
IN
G
, F
A
T
IG
U
E
, a
n
d
 
J
U
M
P
 D
IR
E
C
T
IO
N
 
 
 
 
7
0 
Vastus Lateralis (Means and Standard Deviations) 
 Muscle Fatigue Jump Brace  Pre-Landing  Post-Landing 1  Post-Landing 2  Post-Landing 3 
Vastus 
Lateralis 
Fatigue 
Backward 
braced 42.85 ± 17.47 79.84 ± 24.31 87.77 ± 32.47 47.22 ± 25.11 
unbraced 46.39 ± 22.57 78.72 ± 26.73 81.29 ± 33.29 48.62 ± 23.81 
Total 44.62 ± 19.73 79.28 ± 24.88 84.53 ± 32.18 47.92 ± 23.83 
Forward 
braced 36.79 ± 15.32 97.35 ± 34.04 83.45 ± 35.82 46.42 ± 27.45 
unbraced 35.67 ± 17.65 89.20 ± 25.72 86.64 ± 43.31 45.79 ± 20.70 
Total 36.23 ± 16.10 93.28 ± 29.66 85.05 ± 38.72 46.11 ± 23.67 
Total 
braced 39.82 ± 16.29 88.59 ± 30.16 85.61 ± 33.35 46.82 ± 25.61 
unbraced 41.03 ± 20.47 83.96 ± 26.09 83.96 ± 37.70 47.20 ± 21.77 
Total 40.43 ± 18.27 86.28 ± 27.93 84.79 ± 35.14 47.01 ± 23.46 
Prefatigue 
Backward 
braced 54.00 ± 23.89 79.61 ± 25.20 80.77 ± 21.37 46.09 ± 18.26 
unbraced 50.75 ± 18.44 73.82 ± 24.69 80.42 ± 19.27 48.13 ± 13.78 
Total 52.38 ± 20.84 76.71 ± 24.46 80.60 ± 19.81 47.11 ± 15.78 
Forward 
braced 32.55 ± 14.17 87.94 ± 29.54 88.38 ± 27.28 49.56 ± 20.90 
unbraced 36.23 ± 15.63 90.63 ± 31.45 88.72 ± 35.45 55.97 ± 26.19 
Total 34.39 ± 14.64 89.28 ± 29.73 88.55 ± 30.78 52.77 ± 23.29 
Total 
braced 43.28 ± 22.06 83.77 ± 27.06 84.58 ± 24.17 47.82 ± 19.19 
unbraced 43.49 ± 18.23 82.22 ± 28.84 84.57 ± 28.09 52.05 ± 20.76 
Total 43.38 ± 19.97 83.00 ± 27.61 84.57 ± 25.87 49.94 ± 19.85 
Total 
Backward 
braced 48.43 ± 21.16 79.72 ± 24.10 84.27 ± 26.99 46.65 ± 21.38 
unbraced 48.57 ± 20.18 76.27 ± 25.17 80.86 ± 26.48 48.38 ± 18.94 
Total 48.50 ± 20.41 78.00 ± 24.38 82.56 ± 26.45 47.52 ± 19.95 
Forward 
braced 34.67 ± 14.53 92.64 ± 31.39 85.92 ± 31.09 47.99 ± 23.80 
unbraced 35.95 ± 16.23 89.92 ± 27.97 87.68 ± 38.53 50.88 ± 23.56 
Total 35.31 ± 15.22 91.28 ± 29.38 86.80 ± 34.57 49.44 ± 23.42 
Total 
braced 41.55 ± 19.22 86.18 ± 28.39 85.10 ± 28.75 47.32 ± 22.34 
unbraced 42.26 ± 19.17 83.09 ± 27.16 84.27 ± 32.82 49.63 ± 21.14 
Total 41.90 ± 19.08 84.64 ± 27.65 84.68 ± 30.66 48.48 ± 21.64 
 
 
 
7
1 
Biceps Femoris (Means and Standard Deviations) 
 Muscle Fatigue Jump Brace  Pre-Landing  Post-Landing 1   Post- Landing 2  Post- Landing 3 
Biceps 
Femoris 
Fatigue 
Backward 
braced 18.28 ± 8.48 36.79 ± 19.31 34.17 ± 16.69 25.47 ± 11.38 
unbraced 18.74 ± 10.71 34.96 ± 17.45 31.83 ± 15.98 22.50 ± 7.71 
Total 18.51 ± 9.40 35.88 ± 17.93 33.00 ± 15.95 23.98 ± 9.58 
Forward 
braced 21.11 ± 10.67 31.46 ± 17.01 31.90 ± 20.28 24.44 ± 11.40 
unbraced 20.28 ± 11.06 28.41 ± 15.15 27.40 ± 15.75 19.30 ± 7.80 
Total 20.70 ± 10.58 29.94 ± 15.75 29.65 ± 17.82 21.87 ± 9.87 
Total 
braced 19.70 ± 9.49 34.13 ± 17.92 33.03 ± 18.11 24.95 ± 11.10 
unbraced 19.51 ± 10.62 31.69 ± 16.25 29.61 ± 15.61 20.90 ± 7.72 
Total 19.60 ± 9.94 32.91 ± 16.93 31.32 ± 16.78 22.93 ± 9.66 
Prefatigue 
Backward 
braced 20.18 ± 8.87 38.53 ± 16.55 31.55 ± 15.74 21.79 ± 7.40 
unbraced 19.59 ± 8.96 31.30 ± 13.65 30.35 ± 16.31 26.36 ± 10.84 
Total 19.88 ± 8.68 34.91 ± 15.22 30.95 ± 15.61 24.07 ± 9.33 
Forward 
braced 21.20 ± 9.84 30.21 ± 12.42 29.33 ± 10.02 23.72 ± 10.06 
unbraced 22.37 ± 8.76 30.80 ± 13.19 38.35 ± 26.03 26.13 ± 8.95 
Total 21.79 ± 9.09 30.51 ± 12.48 33.84 ± 19.75 24.92 ± 9.35 
Total 
braced 20.69 ± 9.13 34.37 ± 14.87 30.44 ± 12.89 22.75 ± 8.65 
unbraced 20.98 ± 8.74 31.05 ± 13.07 34.35 ± 21.54 26.25 ± 9.68 
Total 20.83 ± 8.82 32.71 ± 13.92 32.39 ± 17.63 24.50 ± 9.23 
Total 
Backward 
braced 19.23 ± 8.51 37.66 ± 17.52 32.86 ± 15.84 23.63 ± 9.53 
unbraced 19.16 ± 9.62 33.13 ± 15.36 31.09 ± 15.73 24.43 ± 9.37 
Total 19.19 ± 8.96 35.40 ± 16.43 31.97 ± 15.61 24.03 ± 9.34 
Forward 
braced 21.16 ± 9.99 30.84 ± 14.51 30.61 ± 15.62 24.08 ± 10.47 
unbraced 21.33 ± 9.77 29.61 ± 13.88 32.88 ± 21.68 22.71 ± 8.89 
Total 21.24 ± 9.75 30.22 ± 14.03 31.74 ± 18.69 23.40 ± 9.61 
Total 
braced 20.19 ± 9.21 34.25 ± 16.25 31.74 ± 15.57 23.85 ± 9.89 
unbraced 20.24 ± 9.63 31.37 ± 14.56 31.98 ± 18.72 23.57 ± 9.06 
Total 20.22 ± 9.36 32.81 ± 15.40 31.86 ± 17.11 23.71 ± 9.42 
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2 
Joint Moments (Means and Standard Deviations) 
Group Brace Jump 
Knee Extension 
Moment 
Knee Varus 
Moment 
Knee Valgus 
Moment 
Hip Extension 
Moment 
Hip Abduction 
Moment 
Non-
Bracers 
Braced 
Backward 2.84 ± 0.62 0.47 ± 0.23 0.23 ± 0.14 1.53 ± 0.35 1.65 ± 0.22 
Forward 3.25 ± 0.45 0.41 ± 0.30 0.23 ± 0.15 1.52 ± 0.45 1.72 ± 0.27 
Total 3.04 ± 0.57 0.44 ± 0.26 0.23 ± 0.14 1.53 ± 0.39 1.69 ± 0.24 
Unbraced 
Backward 2.78 ± 0.49 0.61 ± 0.30 0.18 ± 0.10 1.68 ± 0.49 1.59 ± 0.27 
Forward 3.19 ± 0.50 0.60 ± 0.34 0.13 ± 0.11 1.70 ± 0.48 1.69 ± 0.27 
Total 2.99 ± 0.53 0.61 ± 0.31 0.15 ± 0.10 1.69 ± 0.47 1.64 ± 0.27 
Total 
Backward 2.81 ± 0.54 0.54 ± 0.27 0.20 ± 0.12 1.60 ± 0.42 1.62 ± 0.24 
Forward 3.22 ± 0.47 0.51 ± 0.33 0.18 ± 0.14 1.61 ± 0.46 1.71 ± 0.26 
Total 3.01 ± 0.54 0.53 ± 0.30 0.19 ± 0.13 1.61 ± 0.44 1.66 ± 0.25 
Habitual 
Bracers 
Braced 
Backward 2.58 ± 0.43 0.48 ± 0.16 0.19 ± 0.09 2.11 ± 0.45 1.53 ± 0.22 
Forward 3.34 ± 0.43 0.49 ± 0.19 0.16 ± 0.07 2.25 ± 0.38 1.71 ± 0.25 
Total 2.96 ± 0.57 0.49 ± 0.17 0.17 ± 0.08 2.18 ± 0.41 1.62 ± 0.25 
Unbraced 
Backward 2.58 ± 0.37 0.56 ± 0.27 0.18 ± 0.08 2.22 ± 0.43 1.40 ± 0.25 
Forward 3.40 ± 0.47 0.53 ± 0.19 0.17 ± 0.09 2.36 ± 0.32 1.67 ± 0.32 
Total 2.99 ± 0.59 0.55 ± 0.23 0.17 ± 0.08 2.29 ± 0.37 1.54 ± 0.31 
Total 
Backward 2.58 ± 0.39 0.52 ± 0.22 0.18 ± 0.08 2.16 ± 0.43 1.46 ± 0.24 
Forward 3.37 ± 0.44 0.51 ± 0.18 0.16 ± 0.08 2.31 ± 0.34 1.69 ± 0.28 
Total 2.97 ± 0.57 0.52 ± 0.20 0.17 ± 0.08 2.23 ± 0.39 1.58 ± 0.28 
Total 
Braced 
Backward 2.71 ± 0.54 0.48 ± 0.20 0.21 ± 0.12 1.82 ± 0.49 1.59 ± 0.22 
Forward 3.29 ± 0.43 0.45 ± 0.25 0.20 ± 0.12 1.89 ± 0.55 1.71 ± 0.25 
Total 3.00 ± 0.56 0.47 ± 0.22 0.20 ± 0.12 1.85 ± 0.52 1.65 ± 0.24 
Unbraced 
Backward 2.68 ± 0.44 0.59 ± 0.28 0.18 ± 0.09 1.95 ± 0.53 1.49 ± 0.27 
Forward 3.29 ± 0.49 0.57 ± 0.27 0.15 ± 0.10 2.03 ± 0.52 1.68 ± 0.29 
Total 2.99 ± 0.55 0.58 ± 0.27 0.16 ± 0.09 1.99 ± 0.52 1.59 ± 0.29 
Total 
Backward 2.69 ± 0.48 0.53 ± 0.25 0.19 ± 0.10 1.88 ± 0.51 1.54 ± 0.25 
Forward 3.29 ± 0.45 0.51 ± 0.26 0.17 ± 0.11 1.96 ± 0.53 1.70 ± 0.27 
Total 2.99 ± 0.55 0.52 ± 0.25 0.18 ± 0.11 1.92 ± 0.52 1.62 ± 0.27 
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7
3 
Joint Moment Impulses (Means and Standard Deviations) 
Group Brace Jump 
 Knee Extension 
Impulse 
  Knee Varus 
Impulse 
Knee Valgus 
Impulse 
Hip Extension 
Impulse 
Hip Abduction 
Impulse 
Non- 
Bracers 
Braced 
Backward 0.48 ± 0.12 0.07 ± 0.05 0.02 ± 0.02 0.26 ± 0.07 0.31 ± 0.04 
Forward 0.54 ± 0.08 0.06 ± 0.06 0.02 ± 0.01 0.23 ± 0.09 0.33 ± 0.05 
Total 0.51 ± 0.10 0.07 ± 0.05 0.02 ± 0.02 0.24 ± 0.08 0.32 ± 0.04 
Unbraced 
Backward 0.48 ± 0.11 0.10 ± 0.05 0.01 ± 0.01 0.29 ± 0.10 0.30 ± 0.06 
Forward 0.53 ± 0.09 0.10 ± 0.06 0.01 ± 0.01 0.28 ± 0.10 0.33 ± 0.06 
Total 0.50 ± 0.10 0.10 ± 0.06 0.01 ± 0.01 0.28 ± 0.10 0.32 ± 0.06 
Total 
Backward 0.48 ± 0.11 0.08 ± 0.05 0.02 ± 0.02 0.27 ± 0.09 0.31 ± 0.05 
Forward 0.53 ± 0.08 0.08 ± 0.06 0.01 ± 0.01 0.26 ± 0.10 0.33 ± 0.05 
Total 0.51 ± 0.10 0.08 ± 0.06 0.01 ± 0.01 0.26 ± 0.09 0.32 ± 0.05 
Habitual 
Bracers 
Braced 
Backward 0.45 ± 0.09 0.07 ± 0.04 0.01 ± 0.01 0.38 ± 0.11 0.29 ± 0.04 
Forward 0.60 ± 0.11 0.08 ± 0.05 0.01 ± 0.01 0.40 ± 0.09 0.34 ± 0.06 
Total 0.53 ± 0.13 0.08 ± 0.04 0.01 ± 0.01 0.39 ± 0.10 0.31 ± 0.06 
Unbraced 
Backward 0.43 ± 0.07 0.09 ± 0.05 0.01 ± 0.01 0.40 ± 0.10 0.26 ± 0.05 
Forward 0.63 ± 0.10 0.09 ± 0.04 0.01 ± 0.01 0.43 ± 0.09 0.33 ± 0.07 
Total 0.53 ± 0.13 0.09 ± 0.04 0.01 ± 0.01 0.41 ± 0.09 0.29 ± 0.07 
Total Total 
Backward 0.44 ± 0.08 0.08 ± 0.04 0.01 ± 0.01 0.39 ± 0.10 0.27 ± 0.05 
Forward 0.62 ± 0.10 0.09 ± 0.04 0.01 ± 0.01 0.41 ± 0.09 0.33 ± 0.06 
Total 0.53 ± 0.13 0.08 ± 0.04 0.01 ± 0.01 0.40 ± 0.10 0.30 ± 0.06 
 Total 
Braced 
Backward 0.46 ± 0.11 0.07 ± 0.04 0.02 ± 0.02 0.32 ± 0.11 0.30 ± 0.04 
Forward 0.57 ± 0.10 0.07 ± 0.05 0.01 ± 0.01 0.31 ± 0.12 0.34 ± 0.05 
Total 0.52 ± 0.12 0.07 ± 0.05 0.02 ± 0.01 0.32 ± 0.11 0.32 ± 0.05 
Unbraced 
Backward 0.46 ± 0.09 0.09 ± 0.05 0.01 ± 0.01 0.35 ± 0.11 0.28 ± 0.06 
Forward 0.58 ± 0.11 0.10 ± 0.05 0.01 ± 0.01 0.35 ± 0.12 0.33 ± 0.06 
Total 0.52 ± 0.12 0.10 ± 0.05 0.01 ± 0.01 0.35 ± 0.11 0.30 ± 0.06 
Total 
Backward 0.46 ± 0.10 0.08 ± 0.05 0.01 ± 0.01 0.33 ± 0.11 0.29 ± 0.05 
Forward 0.57 ± 0.10 0.08 ± 0.05 0.01 ± 0.01 0.33 ± 0.12 0.33 ± 0.06 
Total 0.52 ± 0.12 0.08 ± 0.05 0.01 ± 0.01 0.33 ± 0.12 0.31 ± 0.06 
 
